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ABSTRACT

Many biological systems that utilize organic active sites to catalyze
reactions under mild conditions invoke cooperative catalytic pathways, whereby two or
more active sites work together to activate the reactant(s). The use of cooperative
(bifunctional) catalysts and continuous flow chemistry (a reaction within the narrow
channels of a micro‐ or microfluidic reactor) are commonplace in sustainable chemical
transformation and attract a great deal of interest with respect to economic and
environmentally-sustainable production of fine chemicals, pharmaceuticals, and
agrochemicals, water treatment, as well as upgrading of biomass feedstocks. Although,
some methods have been developed for immobilization of bifunctional catalysts for
cooperative interactions within microfluidic reactors, the catalyst stability is still
hampered by linker/support decomposition and active species leaching from the
support/reactor to the product stream which are a major challenge for successful
transferring batch chemistries to continuous flow reactions. The overall goal of this
research was to overcome the catalyst leaching and product contamination problems by
covalently bonding homogeneous organocatalysts on polymeric hollow fiber surfaces as a
new, low-cost technique to create and engineer composite hollow fibers that can be used
as a heterogeneous catalyst and continuous-flow microfluidic reactor.
Specifically, this work developed a method for immobilization of bi- and trifunctional organocatalysts on porous polyamide-imide hollow fibers (PAIHFs) and
demonstrated their application as heterogeneous catalysts and continuous-flow
microfluidic reactors for chemical transformation.

v
ACKNOWLEDGMENTS

The author is pleased to extend his thanks to his advisor, Dr. Ali Rownaghi for his
guidance and support throughout his graduate studies at Missouri University of Science
and Technology. The time I spent in Dr. Rownaghi ‘s lab during the doctoral studies were
very rewarding, I learned what it means to be a researcher – how to think through problems
and find solutions for complex chemical and engineering problems. Experiences lead me to
find solutions for the new World of flow chemistry. The author is pleased thank, Dr.

Fateme Rezaei for her acceptance to be a member of his committee, and for her help,
support and effective and valuable feedback on my research , also thank her for allowing
him to use her Lab facilities to conduct his research work. The author would like to
express his sincere appreciation to his co-advisor Dr. Reddy for his acceptance to be a
member of his committee also, for his continued guidance and scientific discussions
throughout the pursuit of his graduate studies.
The author pleased to extend his thanks to Dr. Douglas Ludlow for his acceptance
to be a member of his committee, and for his valuable time that he has spent for him.The
author also wants to take this opportunity to thank Dr. Angela Lueking for her acceptance
to be a member of his committee, and for her valuable time that she has spent for him.
The author pleased to extend his thanks to Libyan government for their support
during his studies, also wants to thank Missouri S&T CREE-Center for allowing him to
use their instruments.
Last but not least, the author also hereby expressing his special thanks to his
mother, his wife, his brother Ahmed, and his kids for their support and encouragement.

vi
TABLE OF CONTENTS

Page
PUBLICATION DISSERTATION OPTION....................................................................iii
ABSTRACT........................................................................................................................iv
ACKNOWLEDGMENTS ...................................................................................................v
LIST OF FIGURES ............................................................................................................xi
LIST OF TABLES............................................................................................................xiv
LIST OF SCHMES ............................................................................................................xv
NOMENCLATURE .........................................................................................................xvi
SECTION
1. INTRODUCTION ...................................................................................................... 1
1.1. SUSTAINABLE CHEMICAL TRANSFORMATION REACTION ................ 1
1.2. MULTIFUNCTIONAL ORGANOCATALYSTS AND CONTINUOUS
FLOW PLATFORM .......................................................................................... 2
PAPER
I. METAL-AND SOLVENT-FREE SYNTHSIS OF AMINO ALCOHOLS UNDER
CONTINUOUS FLOW CONDITIONS ..................................................................... 8
ABSTRACT ................................................................................................................... 8
1. INTRODUCTION ...................................................................................................... 9
2. EXPERIMENTAL SECTION.................................................................................. 14
2.1. FORMATION OF BROMIDE AND AMINOSILANE IMMOBILIZED
PAIHF CATALYSTS ...................................................................................... 14
2.2. CHARACTERIZATION OF Br/APS/PA-HF TRIFUNCTIONAL
ORGANOCATALYSTS AND REACTION PRODUCTS ............................. 15

vii
2.3. CHEMICALS ................................................................................................... 16
2.4. CATALYTIC TESTS ....................................................................................... 17
2.4.1. Tandem Batch Reaction of CO2 and Propylene Oxide with
Anilene…………………………………………………………………17
2.4.2. Batch Reaction of Propylene Carbonate with Aniline. .......................... 17
2.4.3. Continuous Flow Reaction of Propylene Carbonate with Aniline. ........ 19
3. RESULTS AND DISCUSSION............................................................................... 20
3.1. Br/APS/PAIHF TRIFUNCTIONAL ORGANOCATALYSTS
CHARACTERIZATION ................................................................................. 20
3.2. CATALYTIC ACTIVITY OF THE Br/APS/PAIHF TRIFUNCTIONAL
ORGANOCATALYSTS ................................................................................ 22
3.2.1. Initial Assessment of Catalytic Activity in Batch Reaction. .................. 22
3.2.2. Catalytic Activity in a Continuous Microfluidic Reactor....................... 27
4. CONCLUSION ........................................................................................................ 32
ACKNOWLEDGEMENT............................................................................................ 33
SUPPORTING INFORMATION ................................................................................ 33
REFERENCES............................................................................................................. 42
II. OPTIMIZED IMMOBILIZATION STRATEGY FOR TRIFUNCTIONAL
ORGANOCATALYSTS FOR SYNTHESIZING AMINO ALCOHOLS UNDER
MILD REACTION CONDITIONS …………………………………………….…46
ABSTRACT ................................................................................................................. 46
1. INTRODUCTION .................................................................................................... 47
2. EXPERIMENTAL SECTION.................................................................................. 49
2.1. THE FORMATION OF HOLLOW FIBER POLYAMIDE-IMIDE (PAIHF)…................................................................................................................ 49

viii
2.2. MULTIFUNCTIONAL ORGANOCATALYSTS FORMATION .................. 50
2.2.1. Synthesis of Multifunctional Organocatalysts [HF PAI/APS/3-BrProp…… ................................................................................................ 50
2.2.2. Synthesis of Multifunctional Organocatalysts [HF-PAI/APS/Na-2-Br].
.............................................................................................................. .50
2.3. CHARACTERIZATIO OF MULTIFUNCTIONAL ORGANOCATALYSTS
………………………………………………………………………………...51
2.4. MATERIALS AND CHEMICALS .................................................................. 52
2.5. REACTION PROCESS .................................................................................... 53
2.5.1. Batch Reaction of Propylene Carbonate with Butylamine, Hexylamine,
Aniline, and 4-aminophenol in the Presence of [HF-PAI/APS/3-BrProp]. ..................................................................................................... 53
2.5.2. Batch Reaction of Propylene Carbonate with Butylamine, Hexylamine,
Aniline, and 4-aminophenol in the Presence of
[HF- PAI/APS/Na-2-Br]. ....................................................................... 54
2.5.3.Catalyst Recycling. .................................................................................. 56
3. RESULTS DISCUSSION ........................................................................................ 57
3.1. PHYSICAL AND CHEMICAL CHARACTERIZATION OF THE
DESIGNED CATALYSTS .............................................................................. 57
3.2. TESTING THE DESIGNED CATALYSTS ON THE COURSE OF THE
HYDROXYALKYLATION REACTION OF AMINES WITH
PROPYLENE CARBONATE.......................................................................... 61
3.2.1. Effects of HF-PAI/APS/Na-2-Br and HF-PAI/APS/3-Br-PROP on the
Course of the Hydroxyalkylation Reaction of Butyl Amine with
Propylene Carbonate.............................................................................. 61
3.2.2. Effects of HF-PAI/APS/Na-2-Br and HF-PAI/APS/3-Br-Prop on the
Course of the Hydroxyalkylation Reaction of Hexylamine with
Propylene Carbonate.............................................................................. 62

ix
3.2.3. Effects of HF-PAI/APS/Na-2-Br and HF-PAI/APS/3-Br-Prop on the
Course of the Hydroxyalkylation Reaction of Aniline and 4aminophenol with Propylene Carbonate................................................ 63
3.3. REUSE OF HOLLOW FIBER CATALYSTS................................................ 66
4. CONCLUSION ............................................................................................................. 68
ACKNOWLEDGEMENT ................................................................................................ 68
SUPPORT INFORMATION ............................................................................................ 68
REFERENCES ................................................................................................................. 75
III. ROLE OF LIGANDS IN IMMOBILIZATION OF ORGANO-CATALYSTS
ON POROUS POLYMER SUPPORT………………….....…….………………...80
ABSTRACT ................................................................................................................. 80
1. INTRODUCTION .................................................................................................... 81
2. EXPERIMENTAL SECTION.................................................................................. 82
2.1. THE FORMATION OF HOLLOW FIBER POLYAMIDE-IMIDE (PAIHF)…………………………………………………………………………….82
2.2. MULTIFUNCTIONAL ORGANOCATALYSTS FORMATION
SYNTHESIS………………………………………………………………….83
2.2.1. Synthesis of Multifunctional Organocatalysts [HF-PAI/APS/F]. ........ ..83
2.3. MULTIFUNCTIONAL ORGANOCATALYSTS
CHARACTERIZATION………………………………………………..…….84
2.4. MATERIALS AND CHEMICALS ……………………………….………….85
2.5. REACTION PROCESS …………………...………………………………….85
2.5.1. Batch Reaction of Propylene Carbonate with Butyl Amine,
Hexylamine, Aniline, and 4-aminophenole in the Presence of [HFPAI/APS/F]............................................................................................ 85
2.5.2. Cyclic Reaction of HF-PAI/APS/F ........................................................ 88
3. RESULTS DISCUSSION ........................................................................................ 89

x
3.1. PHYSICAL AND CHEMICAL CHARACTERIZATION OF THE
DESIGNED CATALYST …………………...…...………………………….89
3.2. TESTING THE DESIGNED CATALYSTS ON THE COURSE OF THE
HYDROXYALKYLATION REACTION OF AMINES WITH
PROPYLENE CARBONATE .…………………...………………………….92
3.2.1. Effects of HF-PAI/APS/F on the Course of the Hydroxyalkylation
Reaction of Aniline with Propylene Carbonate…………………..……92
3.2.2. Effects of HF-PAI/APS/F on the Course of the Hydroxyalkylation
Reaction of 4-aminophenole with Propylene Carbonate………………94
3.2.3. Effects of HF-PAI/APS/F on the Course of the Hydroxyalkylation
Reaction of Butyl Amine with Propylene Carbonate …….…………...95
3.2.4. Effects of HF-PAI/APS/F on the Course of the Hydroxyalkylation
Reaction of Hexylamine with Propylene Carbonate...…….………...…96
3.3. CYCLIC REACTION OF HF-PAI/APS/F AT DIFFERENT REACTION
TIME .………………………………………...…...………………………….97
4. CONCLUSION ............................................................................................................. 98
ACKNOWLEDGEMENT ................................................................................................ 99
SUPPORT INFORMATION ............................................................................................ 99
REFERENCES ............................................................................................................... 110
SECTION
3. CONCLUSIONS AND FUTURE WORK............................................................. 112
3.1. CONCLUSIONS............................................................................................. 112
3.2. FUTURE WORK ............................................................................................ 113
BIBLIOGRAPHY ............................................................................................................115
VITA ................................................................................................................................119

xi
LIST OF FIGURES
SECTION

Page

Figure 1.1. Schematic diagram of fiber spinning apparatus.. ............................................. 4
Figure 1.2. Scheme of the laboratory-scale continuous-flow hollow fiber reactor.. .......... 6
PAPER I
Figure 1. Schematic diagram of active catalysts grafted on polymeric hollow fibers
microfluidic reactor as a new synthetic catalytic technology. ......................... ..13
Figure 2. Process flow diagram of the reactor set-up: 1, reactor; 2, gas cylinder; 3,
aniline cylinder; 4, stirrer; 5, pressure gauge; 6, 7, and 10, needle valves;
8 and 9, ball valves. .......................................................................................... 18
Figure 3. XPS spectra of the bare PAIHFs, APS/PAIHFs, and Br/APS/PAIHFs before
and after the reaction.......................................................................................... 22
Figure 4. SEM images of (A) the cross section of a Br/APS/PAIHF, (B) the surface
of the Br/APS/PAIHF before the reaction, and (C) the surface of the
Br/APS/PAIHF after the reaction………………………………………...……24
Figure 5. Effects of different reaction parameters on the CO2 cycloaddition
of propylene oxide to propylene carbonate at 140 °C: (A) different CO 2
pressures,1 h (B) 5 bar CO 2 pressure, different reaction times, and (C)
tandem reaction of CO 2 cycloaddition and hydroxyalkylation of aniline at
different reaction times (5 bar CO2 pressure at 140 °C). .................................. 25
Figure 6. Effects of different reaction parameters on the reaction of propylene
carbonate (PC) with aniline into 1-(phenylamino)propan-2-ol (AA) at
140 °C: (A) different reaction times and ambient pressure; (B) various
catalystloadings, 1 h reaction time (reaction conditions: mixture of 10 mL
propylene carbonate and 10 mL aniline and 100 mg of hollow fiber
catalysts)……………………………………………………………………….26
Figure 7. Effect of flow rate on aniline conversion and selectivity in
hydroxyalkylationof aniline with propylene carbonate at 140 °C and ambient
pressure:(A) 0.02, (B) 0.04, and (C) 0.08 cm3 min−1 ... ...................................... 30

PAPER II
Figure 1. The set up of the reactor . ................................................................................. 56

xii

Figure 2. N2 physisorption isotherms and pore size distribution for HF-PAI (bare),
HF-PAI/APS, HF-PAI/APS/Na-2-Br, and HF-PAI/APS/3-Br-Prop. Pore
size distribution derived from the DFT method using the desorption branch
of the N 2 isotherm..... ........................................................................................ 58
Figure 3. IR spectra of bare HF-PAI; HF-PAI/APS and HF-PAI/APS/3-Br-Prop.... ....... 59
Figure 4. IR spectra of bare HF-PAI; HF-PAI/APS and HF-PAI/APS/Na-2-Br.............. 59
Figure 5. SEM images of (a) the cross section of bare HF-PIA, (b) the surface of bare
HF-PIA, (c) the surface of the HF-PIA/APS, (d) surface of HF-PIA/
APS/Br, and (d) surface of HF-PIA/APS/Br (after reaction).... ........................ 60
Figure 6. Effects of reaction time on the butyl amine conversion and the selectivityof
[1-(butylamino)] propane-2-ol in the presence of A) HF33-PAI/APS/
Na-2-Br; B) HF33-PAI/APS/3-Br-Prop.... ........................................................ 62
Figure 7. Effects of reaction time on the hexyl amine conversion and the selectivity
of 1-(hexylamino) propan-2-ol in the presence of A) HF33-PAI/APS/
Na-2-Br; B) HF33-PAI/APS/3-Be-Prop.... ........................................................ 63
Figure 8. Effects of reaction time on the Aniline conversion and the selectivity of 1(butylamino) propan-2-ol in the presence of A) HF-PAI/APS/Na-2-Br; B)
HF-PAI/APS/3-Be-Prop... ................................................................................ 65
Figure 9. Effects of reaction time on the 4-aminophenol conversion and the selectivity
of 4-[(2-hydroxypropyl) amino]-in the presence of HF-PAI/APS/Na-2-Br
and HF-PAI/APS/3-Be-Prop.............................................................................. 66
Figure 10. Reuse of HF-PAI/APS/3-Br-Prop catalysts for aniline hydroxalkylation
reaction with PC at 2, 4, and 8h........................................................................ 67
PAPER III
Figure 1. The set up of the reactor . ................................................................................. 88
Figure 2. N2 physisorption isotherms and pore size distribution for HF-IPA (bare),
HF-IPA/APS and HF-IPA/APS/F. Pore size distribution derived from the
DFT method using the desorption branch of the N2 isotherm........................... 90
Figure 3. IR spectra of bare HF-IPA; HF-IPA/APS and HF-IPA/APS/F......................... 91

xiii
Figure. 4 SEM images of (A) the cross section of bare HF-PIA, (B) the surface
of bare HF-PIA, and (C) the surface of the HF-PIA/APS. ................................ 92
Figure 5. Effects of reaction time on the Aniline conversion and the selectivity of 1(phenylamino) propan-2-ol in the presence of HF33-IPA/APS/F.. ................... 93
Figure 6. Effects of reaction time on the 4-aminophenol conversion and the
selectivity of 4-[(2-hydroxypropyl) amino]- in the presence of HF33IPA/APS/F........................................................................................................ 94
Figure 7. Effects of reaction time on the butyl amine conversion and the selectivity
of 1-(butylamino) propan-2-ol in the presence of HF33-IPA/APS/F ................ 96
Figure 8. Effects of reaction time on the hexyl amine conversion and the selectivity
of 1-(hexylamino) propan-2-ol in the presence of HF33-IPA/APS/F…. .......... 97
Figure 9. Cyclic reaction of HF-PAI/APS/F catalyst for aniline hydroxalkylation
reaction with PC at a) 2h; b) 4h, and c) 8h.…. ................................................. 98

xiv
LIST OF TABLES

PAPER I

Page

Table 1. Textural properties, CO 2 capacities, and amine and bromide loadings of
the bare PAIHFs, APS/PAIHFs and Br/APS/PAIHFs before and after the
reaction................................................................................................................16
PAPER II
Table 1. Textural properties, CO 2 capacity, amine and bromide loading of the bare
HF-PAI, HF-PAI/APS, HF-PAI/APS/Na-2-Br, and HF-PAI/APS/3-Br-Prop... 56
PAPER III
Table 1. Textural properties, CO 2 capacity, amine, bromide, fluoride loading of
the bare HF-PAI, HF-PAI/APS and HF-PAI/APS/F.………………….……....88

xv
LIST OF SCHEMES

PAPER I

Page

Scheme 1. Synthesis of the Br/APS/PAIHF trifunctional organocatalysts....................... 15
Schme 2 . CO2 cycloaddition and competitive reactions of propylene carbonate with
aniline.... ........................................................................................................... 19
Scheme 3. Competitive reactions of propylene carbonate with aniline ............................ 28
PAPER II
Scheme 1. Synthesis of 3-Br/APS/PAIHF multifunctional organocatalysts .................... 50
Scheme 2. Synthesis of 2-Br/APS/PAIHF multifunctional organocatalysts .................... 51
Scheme 3. The hydroxyalkylation reaction of propylene carbonate with butyl amine. ... 53
Scheme 4. The hydroxyalkylation reaction of propylene carbonate with hexylamine. .... 54
Scheme 5. The hydroxyalkylation reaction of propylene carbonate with aniline. ............ 55
Scheme 6. The hydroxyalkylation reaction of propylene carbonate with 4aminophenol…................................................................................................ 55
PAPER II
Scheme 1. Synthesis of HF-PAI/APS/F multifunctional organocatalysts. ....................... 84
Scheme 2. The hydroxyalkylation reaction of propylene carbonate with aliphatic
amines (butylamine and hexylamine). ............................................................ 87
Scheme 3. The hydroxyalkylation reaction of propylene carbonate with aromatic
amines (aniline and 4-aminophenol)............................................................... 87

xvi
NOMENCLATURE

Symbol

Description
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3-aminopropyltrimethoxysilane

PAIHF’s

Polyamide-imide hollow fibers
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Propylene carbonate
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Polyamide-imide

Na-2-Br

sodium 2-bromoethanesulfonate

3-Br-Prop

3-bromopropanesulfonic

1. INTRODUCTION

1.1. SUSTAINABLE CHEMICAL TRANSFORMATION REACTION
The past decade has seen a considerable significant increase in the number of
industries and companies in order to achieve the requirements of economic development.
The industrial revolution greatly contributed to the increase in environmental pollution,
which negatively affected human health, especially in densely populated cities.
Nowadays, in order to have a sustainable development of the manufacture
synthesis without impairing the service's ability of the next generation in the future,
conducting sustainable processes is an important task that needs to be achieved for the
current and future chemical engineering 4,5 .
Sustainable processes include sustainable resource management, environmentally
friendly processes, and the application of sustainable chemical6–8 . Sustainable chemicals,
with using less dangerous substances, and causing a less adverse impact on the
environment, as well as society, show high advancement in the protection of workers,
consumers, and the environment 8,9 . Since the environmental protection and sustainable
economic development are attracting more and more concern of the people those working
in various areas, such as the petrochemical industries, pharmaceutical companies, and
fine chemicals manufacture, numbers of catalysts and reaction systems were being
generated and investigated for the sustainable chemical transformation reactions 10–13 .
In recent years, the development of the flow chemistry and microreactor
technology demonstrate the amazing expanding speed of the sustainable process because
of its excellent catalytic efficiency and contribution on the sustainable chemical
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synthesis14–16 . However, it is still a big challenge to develop the ideal catalysts and
laboratory-scale continuous-flow reactor system perform excellent in the sustainable
synthesis process.
1.2. MULTIFUNCTIONAL ORGANOCATALYSTS AND CONTINUOUS FLOW
PLATFORM
New Multifunctional organic catalysts and continuous flow platform play an
important role in industry and are used in modern chemical transformation to create a
wide range of organic compounds, as well as in the synthesis of intermediates compounds
that are used as feedstocks in the manufacture of organic compounds, including for
example amino alcohol. The cycloaddition reaction of CO 2 and hydroxyalkylation of
either aromatic or aliphatic amines are one of the important reactions where the
multifunctional organocatalyste can be used and achieving high yield of the products.
The production of organic cyclic carbonates by the conversion of CO 2 through the
catalytic cycloaddition of CO 2 on epoxides in the presence of multifunctional
organocatalysts is consedred a great approach to produce a nontoxic and intermediate
compounds that ussd for further hydroxyalkylation reaction of amines for the senthsize of
aminoalcohols. Epoxides are highly toxic and carcinogenic compounds and flammable as
well, however the ring-opening of epoxides convert them to organic cyclic carbonates
which are astable, nonflammable, nontoxic, and environmentally friendly compounds.
This dissertation described a novel method for immobilization of multifunctional
organocatalysts on porous composite hollow fiber and demonstrate their application as
heterogeneous catalyst and continuous-flow microfluidic

reactor for chemical

transformation. The immobilization on the composite hollow fiber by amino-silanes (APS)
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and halogens (X-) provided multi-active sites on the body of the catalyst, these active sites
are improved the catalytic efficiency and activity and make it more effective than other
catalysts, wherein most of the literature on flow reactors include approaches that were
inspired by earlier continuous packed-bed microreactor literature and do not address the
issue of permanent immobilization of the organocatalysts into the various flow system.
The production of aminoalcohols by the hydroxyalkylation reaction of amines
with cyclic organic carbonate in the presence of multifunctional organocatalysts is a
great, safe, and easy approach. Aminoalcohols are intermediate organic compounds that
have wide applications such as, in the synthesis of amino acids, pharmaceutical
compounds, and a variety of the other organic compounds. Also, play an important role
as chiral auxiliaries and chiral ligands in asymmetric catalysis 1 .
The second part of the dissertation focused on designing of three types of
multifunctional organocatalysts as well as testing them in the synthesis of aminoalcohols
through the hydroxyalkylation reaction of a set of aliphatic and aromatic amines in the
presence of propylene carbonate (PC) under mild reaction conditions 140 °C, 60 PSI N 2
for 2, 4, 8 hours and in the absence of solvent. The batch reaction was carried out in a
high-pressure laboratory autoclave (Parr, USA) that was equipped with a stirrer and
jacket heater2 . The obtained results of the study were in the range of moderate to the good
of selectivity and yield, 60%, with high conversion of amines up to 100%.
The composite hollow fibers, which was indicated by the symbol HFs-IPA were
synthesized by the commercially available polyamide-imide (PAI, also called Torlon),
which appear to have a thermostable and swelling resistivity characteristic, via the
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template-free, “dry-jet, wet-quench spinning” method 19,20 , as the schematic diagram
shown in Figure 1.1.

Figure 1.1. Schematic diagram of fiber spinning apparatus.

The design process was based on immobilizing the organic catalysts on the
surface of composite hollow fiber HFs-IPA. The polyamide imide hollow fibers HFs-IPA
is a support material that has the ability to withstand harsh reaction conditions of heat and
pressure3 . The stabilization process went through two routes, the first is the polymer was
grafted with 3-aminopropyl trimethoxysilane (APS), which forms a strong bonds with the
polymer and is a source for the two acceptor groups of –NH- and OH- , while the second
rout included immobilizing of halogens (Br- and F-) on the surface of the catalys,
halogens are nucleophile which act as a donor of electrons to forming the chemical
bonds, the overall of these two processes is to obtain a multifunctional organocatalysts.
Obtaining the final form of the multifunctional organic catalysts helps in achieving many
reactions, especially the cyclo-adduction reaction of carbon dioxide with propylene
oxides to obtaine cyclic carbonats and hydroxyalkylation reaction of amins with cyclic
abrbonats to obtaine aminoalcohols.
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To examine the performance of multifunctional organocatalysts, the synthesis of
PC and aminoalcohols was performed under batch reaction model and continuous flow
platform.
The tandem batch reaction procedure was carried out in a high-pressure
laboratory autoclave (Parr, USA) that was equipped with a stirrer and jacket heater, the
procedure went through two stages, the first stage was obtaining PC under the tandem
batch reaction of CO 2 and propylene oxide at 140 °C, different CO2 pressure, and
different reaction time, while the second stage was introducing the required amount of
aniline for further reaction with obtained intermediate propylene carbonate to obtain
amino alcohols. In addition, by using the same high-pressure laboratory autoclave (Parr,
USA) a direct reaction was performed between propylene carbonate and aliphatic of
amines at 140 °C and 60 psi N 2 for 2, 4, and 8 hours to obtaining different types of
aminoalcohols.
Beside the tandem batch reaction procedure was performed bty continuous-flow
reactor. The reactor was made of a stainless-steel tube with an inner diameter of 6.3 mm.
In a typical experiment, self-supported fibers (e.g. 3-5 fibers) were packed in the hollow
fiber module. A hollow fiber module was formed and the catalytic reaction between
propylene carbonate and aniline was performed at 140 °C and a flow rate of 0.02-0.08
cm3 /min. The reactor was left for 30 min to reach steady state, then samples were
collected every 30 min, and analyzed via GC-MS, and NMR.
Herein, in this dissertation, a novel continuous-flow hollow fiber membrane
reactor system has been developed and investigated for the sustainable transformation
organic synthesis reaction. The polymeric HFs were synthesized by the Torelon material,
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and their mechanical strength were improved by grafting the fibers by 3-aminopropyl
trimethoxysilane (APS), and then immobilized with different halogens, such that fluorine,
chlorine, and bromine. As shown in Figure 1.2. three to five bars of HFs catalysts were in
assembling into the hollow fiber reaction module and the reactant was being introduced
by the syringe pump into the reaction module. The efficient catalytic composition was
being embedded on the inner wall of the hollow fiber shell, and reaction occurred during
the reactant mixture pass through the shell wall of the HFs microfluidic reactor.
Separation with catalysts process could be also finished the reactant mixture
traveled to the bore channel. Since the highly polymeric characteristic of the HFs
structure, the HFs could provide a higher surface area to volume ratio, and the reaction
condition could be easier to control by adjusting the flowrate. Owing to the high
mechanical strength of the HFs membrane reactor, the polymeric HFs membrane reactor
applied into the laboratory-scale continuous-flow reactor system appeared to be an ideal
concept to scale up for the sustainable chemical transformation reactor system with
economic efficiency17,18 .

Figure 1.2. Scheme of the laboratory-scale continuous-flow hollow fiber reactor.
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Hence, the continuous flow reactor system plays a very important role in the large
scale manufacturing industry. The laboratory scale continuous flow hollow microfiber
reactor is an ideal system for large scale organic synthesis.
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PAPER

I. METAL- AND SOLVENT-FREE SYNTHESIS OF AMINO ALCOHOLS
UNDER CONTINUOUS FLOW CONDITIONS
Abdo-Alslam Alwakwak,a Yingxin He,a Ahmed Almuslem,a Matthew Senter,a Arun K.
Itta,b Fateme Rezaei a and Ali A. Rownaghi *a
a Department

of Chemical & Biochemical Engineering, Missouri University of Science
and Technology, 1101 N. State Street, Rolla, Missouri 65409, USA.
b School of Chemical & Biomolecular Engineering, Georgia Institute of Technology, 311
Ferst Drive NW, Atlanta, Georgia 30332, USA
† Electronic supplementary information (ESI) available. See DOI: 10.1039/ c9re00396g

ABSTRACT

The use of multifunctional organocatalysts and continuous flow platform are
commonplace in modern chemical transformation. Herein, a method for immobilization
of trifunctional organocatalysts on porous composite hollow fiber and demonstrate their
application as a heterogeneous catalyst and continuous-flow microfluidic reactor for
chemical transformation was successfully described.
The polyamide imide hollow fibers (PAIHF’s) are functionalized with
aminosilanes and bromine source to immobilize covalently hydrogen-bond donor groups
(-OH and -NH), and nucleophilic [Br−] species upon the fiber surface and provide
trifunctional acid-base-nucleophilic organocatalysts and microfluidic reactors.
The cooperative effects of Br/APS/PAIHF trifunctional organocatalysts are
elucidated in the CO2 cycloaddition and hydroxyalkylation of aniline under batch and
continuous flow synthesis. The results indicated that the synergistic cooperative effect of
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trifunctional organocatalyst on PAIHF leads to a maximum 1-(phenylamino) propan-2-ol
selectivity of 97.1% at 61% aniline conversion and 0.02 cm3 /min flow rate. While
knowledge of the acid-base-nucleophilic trifunctional cooperativity is still limited, these
findings demonstrate useful structure-property trends that can be used to design more
efficient organocatalysts for sustainable chemical transformation.

1. INTRODUCTION

The conversion of CO 2 into organic carbonates for the chemical/process industry
is an efficient way to rapidly introduce renewable feedstock in this value chain. 1–4 The
catalytic cycloaddition of CO 2 on epoxides still represents the most important route for
the synthesis of cyclic carbonates that are intermediates for the further hydroxyalkylation
of amines (aminolysis) and formation of aminoalcohols. 5–9 The major concern of this
reaction is from both safety and environmental standpoints because epoxides are
extremely flammable, highly toxic and carcinogenic compounds. These issues have
created long standing interest in sustainable chemical transformation promoted by
organic carbonates as a valuable option for hydroxyalkylation reaction of amines because
cyclic carbonates are non-toxic products and not flammable.10–12 Aminoalcohols are
important organic intermediates in the synthesis of organic compounds, amino acids,
pharmaceutical compounds and play an important role as chiral auxiliaries and chiral
ligands in asymmetric catalysis.13 Both CO 2 cycloaddition and hydroxyalkylation
reaction of amines have been studied over both homogeneous and heterogeneous
catalysts such as organocatalysts, Lewis acids and Lewis bases, and organic/inorganic
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salts such as metal triflates, metal halides, N-heterocyclic carbenes, and βcyclodextrin.11,14–16
In the last few years, ionic liquids (ILs) have been identified to be sustainable
solvents and organocatalysts for a number of chemical transformations such as CO 2
activation and cyanosilylation of aldehydes/ketones and various carbonyl
compounds.6,17,18 For example, Selva et al19 studied the reaction of primary aromatic
amines pX-C6 H4 NH2 ; X = H, OCH 3 ,CH 3 , Cl) with ethylene- and propylene-carbonates
for the selective synthesis of bis-N-(2-hydroxy) alkylanilines over a class of
phosphonium ionic liquids (PILs) such as tetraalkylphosphonium halides, and tosylates
turn out to be active organocatalysts for both aniline and other primary aromatic amine
hydroxyalkylation at 140 ºC under solvent-less condition.19 A kinetic analysis confirmed
that bromide exchanged PILs are the most efficient systems, able to impart a more than 8fold acceleration to the reaction.19 Guo et al.7 reported a metal-free synthesis of N-arylcarbamates from cyclic organic carbonates and aromatic amines over triazabicyclodecene
organocatalyst.
During a homogeneous hydroxyalkylation reaction, catalyst deactivation occurs
which necessitates frequent catalyst regeneration. Another shortcoming is that in
conventional batch and plug-flow systems, the reagents and homogeneous catalyst are
flowed through the reactor together. Thus, separation of the product from the catalyst and
possible byproducts is required. The improvement of catalyst lifetime is one of the key
challenges in homogeneous catalyst development. Hence, it is necessary to develop new
catalytic methodologies that offer simpler and more cost-effective approaches for
permanent immobilization of homogeneous catalysts on solid surface to replace
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homogeneous stoichiometric reagents for sustainable chemical transfromation.4 In this
regard, porous polymers are relatively inexpensive and versatile materials that can be
utilized as an organocatalyst support. Furthermore, metal nanoparticles have been
encapsulated by using. ionic liquids as stabilizing agents in various porous polymers such
as porous cellulose, polysulfone, polyvinylidene fluoride, polythiosemicarbazide, and
polythiourea, and have demonstrated that such heterogeneous catalytic system can be
used in cross-coupling reactions, hydrogenation, and treatment of diatrizoatecontaminated water.5–10 Immobilization of multifunctional organocatalyst upon porous
polymer surfaces can be tuned by controlling the linker length, ratio of the active spices
and controlling the support pore size.
Moreover, current aminoalcohols production uses batch reactor technology for
this process; however, it is unfavorable for industrial applications compared to flow
process due to mass and heat transfer limitations, time and energy-consumption for the
reaction, and subsequent purification of product and catalyst steps. Substitution of batch
processes by flow processes can contribute to the implementation of the sustainability of
chemical transformation through process intensification. 9–17 In general, process
intensification seems to be a more sustainable approach than the analogous batch one due
to integration of multifunctional reactors and transport processes in one vessel to improve
the control over reaction performance, achieve higher yield, and to make the process
more efficient to save operational and capital costs. 9,10,12–17 The characteristic properties
of microstructured reactors are their ultrafast heat and mass transfer and unique way to
perform exothermic reactions. As such the application of new synthetic catalytic
technologies can play a central role in the production of fine chemicals and
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pharmaceuticals. However, the major drawback of the flow process is the decomposition
and leaching of the active species from the support and their subsequent transport to the
product stream.
This ultimately leads to significant catalyst loss and product contamination.
Catalyst leaching can be critical, even in very small quantities, in product solution and
last it can further catalyze chemical reactions with surprisingly high efficiency. 8,18
Recently, the combination of immobilized organocatalysts and continuous flow system
have been explored 4,19,20 ; however, most of the literature on flow reactors include
approaches that were inspired by earlier continuous packed -bed microreactor literature
and do not address the issue of permanent immobilization of the organocatalyst into
various flow system.
Immobilizing organocatalyst into a hollow fiber microfluidic reactor matrix is an
effective approach for overcoming the aforementioned drawbacks related to catalyst
deactivation and for non-leaching catalysis. Since the catalyst leaching is avoided,
diffusion limitations are reduced, and selective removal of the products can shift the
equilibrium state of the reaction and avoid side reactions. To date, a simple and
convenient method for permanent immobilization of multifunctional organocatalysts
within porous polymer for continuous-flow reaction that addresses stability, reactivity
and recyclability of the obtained catalyst has not yet been established. A metal-free and
sustainable process would represent a valuable alternative to metal-based processes
which require either harsh reaction conditions or more expensive reagents/metal
precursors.
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To address the above issues, this work has developed an asymmetric porous
polymer hollow fiber microfluidic reactor that combines both immobilized organocatalyst
and final product formulation into a single, highly compact unit Figure 1. The
hierarchical pore structure networks of porous hollow fiber polymer are used to
immobilize a variety of organocatalysts active species on the surface, thus leading to
catalyze numerous reaction steps in a continuous flow platform.

Figure 1. Schematic diagram of active catalysts grafted on polymeric hollow fibers
microfluidic reactor as a new synthetic catalytic technology.

As a proof-of-concept, a metal and solvent-free synthesis of aminoalcohols under
continuous flow platform are studied. Hydrogen-bond donor groups (-OH and -NH) and
nucleophilic Br− are immobilized on porous hollow fiber support, and their synergistic
cooperative effect are studied on the reaction of aniline with propylene carbonates to
synthesize β-aminoalcohol under continuous flow conditions. To the best of our
knowledge, the application of cyclic carbonate for the hydroxyalkylating of primary
aromatic amines under continuous flow system has not been reported and will be novel
contribution to the literature.
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2. EXPERIMENTAL SECTION

2.1. FORMATION OF BROMIDE AND AMINOSILANE IMMOBILIZED PAIHF
CATALYSTS
The “dry-jet, wet-quench spinning” method used for the formation of
polyĲamide-imide) hollow fibers (PAIHFs) in this work has been described in detail in
previous studies.16,23,25,35,36 To improve the PAIHFs' stability and compatibility in
commonly used polar aprotic solvents (e.g., DMA, NMP, and DMF), they have been
post-treated and crosslinked with 3-aminopropyltrimethoxysilane (APS) at 80°C for 2 h
in a mixture of APS, toluene, and water (90 : 9.9 :0.1 weight ratio, respectively) prior to
bromide amine reaction and trifunctional organocatalyst formation.
The APSgrafted PAIHFs were further modified by reaction with 1,3dibromopropane in dry toluene at 80 °C for 2 h to give the ammonium bromide
derivatives Scheme 1. Finally, the fibers were solvent exchanged with toluene and dried
under vacuum (30 mTorr) at 80 °C to remove the residual solvent from the pores,
yielding the Br-immobilized APS-grafted PAIHFs (Br/APS/PAIHFs). The detailed
synthesis process and characterization results are summarized in the ESI. The Br/
APS/PAIHFs were applied to the cycloaddition of CO 2 with propylene oxide as a
catalytic medium to yield cyclic carbonates as well as the hydroxyalkylation of aniline.
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Scheme 1. Synthesis of the Br/APS/PAIHF trifunctional organocatalysts.

2.2. CHARACTERIZATION OF Br/APS/PAIHF TRIFUNCTIONAL
ORGANOCATALYSTS AND REACTION PRODUCTS
The Br/APS/PAIHF structure was confirmed by Fourier transform infrared
spectroscopy (FTIR) in the range of 400–4000 cm−1 with a Bruker Tensor instrument.
The spectra were acquired at a 4 cm−1 resolution. CHN analyses (PerkinElmer Series II,
2400) and inductively coupled plasma optical emission spectroscopy (ICP-OES) were
used to determine the amine and bromine loadings of the hollow fibers. The BET surface
area, BJH pore volume, and average pore size of bare PAIHFs, APS/PAIHFs and
Br/APS/PAIHFs were determined using nitrogen isotherms (−196 °C) with a
Micromeritics 3Flex. Prior to analysis, the hollow fibers were degassed at 110 °C under
vacuum for 12 h to remove any pre-adsorbed species from the pores of the materials. Xray photoelectron spectroscopy (XPS) was carried out to map the presence of various
elements on the hollow fiber surface. The CO 2 adsorption capacities of the fibers were
measured at 35 °C in a 10% CO 2 atmosphere (balanced with N 2 ) using TGA. The
corresponding results are given in Table 1. A high-resolution scanning electron
microscope (Hitachi S-4700 FE-SEM) was used to assess the morphology of the bare and
grafted Br/APS/PAIHFs. The product was analyzed on an Agilent 7890B gas
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chromatograph (GC) equipped with a flame ionization detector (FID) for analyzing
propylene oxide, propylene carbonate, aniline, and amino alcohols. A DB WAX column
(30 m × 0.320 mm × 0.25 μm) was used for separation. In addition, the analysis of
products was performed by using 1 H nuclear magnetic resonance (NMR) and 13 C NMR at
room temperature using a Bruker-DRX 400 MHz spectrometer.
Table 1. Textural properties, CO 2 capacities, and amine and bromide loadings of the bare
PAIHFs, APS/PAIHFs and Br/APS/PAIHFs before and after the reaction.
Hollow fibers

Bare
PAIHFs
57.54

APS/P
AIHFs
25.20

Vpore (cm 3 g−1 )b

0.27

0.17

0.10

0.10

CO2 capacity (mmol per g
fiber)c
N loading (mmol per g fiber)d

0.03

1.31

1.42

1.37

—

3.90

3.70

3.70

Br loading (mmol per g fiber)d

—

—

0.10

0.10

SBET (m2 g−1 )a

Br/APS/PAIHFs
(before reaction)
15.60

Br/APS/PAIHFs
(after reaction)
14.05

a

Determined by nitrogen physisorption experiments at 77 K. b Determined by the BJH method.
Measured by TGA at 35 °C in a 10% CO 2 atmosphere (balanced with N 2 ). d Determined by
elemental analysis.
c

2.3. CHEMICALS
3-Aminopropyltrimethoxysilane (97%), polyvinylpyrrolidone (average MW ≈ 1
300 000), N-methyl-2-pyrrolidone (anhydrous NMP, ACS reagent, >98.5%),
dimethylformamide (DMF) (99.8%), acetonitrile (ACN) (99.8%), dimethylformamide
(DMF) (99%), dimethylacetamide (DMA) (99.8%), 1,3-dibromopropane (97%),
methanol, aniline (99.5%) and propylene oxide (97%) were purchased from Sigma
Aldrich. Polyamide-imide (PAI) was supplied by Solvay Advanced Polymers
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(Alpharetta, GA). Nitrogen was purchased from Airgas and used to purge the sample in
the continuous flow system.
2.4. CATALYTIC TESTS
2.4.1. Tandem Batch Reaction of CO2 and Propylene Oxide with Anilene. To
examine the performance of the Br/APS/PAIHF catalyst, a two-stage tandem reaction
was carried out in a high-pressure laboratory autoclave (Parr, USA) that was equipped
with a stirrer and jacket heater. The experimental setup is shown in Figure 2. In a typical
catalytic reaction, 2 mL (30 mmol) of propylene oxide, 30 mL of DMA (as a solvent),
and 50 mg of Br/APS/PAIHF catalyst were delivered into a high-pressure laboratory
autoclave. After being sealed, the reactor was carefully flushed three times with CO 2 .
After flushing, 5–50 bar of CO 2 was pressurized in the reactor and heated up to 140 °C
under stirring for 1–6 h. A number of samples were collected during the reaction and
analyzed by GC-MS. Then, the required amount of aniline (e.g., 2.7 ml, 30mmol) was
introduced for further reaction with the obtained intermediate propylene carbonate for 1–
6 h at 140 °C Scheme 2. After the reaction was completed, the autoclave continued to
cool down to room temperature and was depressurized and opened slowly. The reaction
mixture was separated by filtration (Whatman, 0.22 μm) and then analyzed by GC-MS
and GC-FID. As a control material, bare PAIHFs and APS/PAIHFs were also evaluated
under the same conditions.
2.4.2. Batch Reaction of Propylene Carbonate with Aniline. The Batch
reaction of propylene carbonate with aniline was performed in the presence of the bare
PAIHFs, APS/PAIHFs, and Br/APS/PAIHFs in a 25 mL two-neck flask reactor
equipped with a reflux glass condenser.
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Figure 2. Process flow diagram of the reactor set-up: 1, reactor; 2, gas cylinder; 3, aniline
cylinder; 4, stirrer; 5, pressure gauge; 6, 7, and 10, needle valves; 8 and 9, ball valves.

Both propylene carbonate and aniline are liquid and not flammable; therefore,
they can be used as stoichiometric reagents without added solvents. In a typical procedure
and according to previous studies,11,37 a mixture of 10 mL propylene carbonate and 10
mL aniline was added to a clean flask followed by the addition of about 100 mg of
hollow fiber catalysts into the solution. The system was then heated under a
thermostatically and timer-controlled oil bath with a magnetic stir bar. The experiments
over the various hollow fiber catalysts were conducted at 140 °C and different reaction
times (1–48 h) to identify the best reaction conditions that yield the best reaction
performance. Samples were taken and filtered every hour for analysis by GC-MS where
methanol was used as a solvent.
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2.4.3. Continuous Flow Reaction of Propylene Carbonate with Aniline. To
test the metal-free Br/APS/PAIHF trifunctional organocatalysts as a heterogeneous
catalyst and continuous-flow reactor, a hollow fiber module containing five fibers (with
an inner diameter of 0.1 μm, length of 25 cm, and total volume of 15 mL) was formed
and the catalytic reaction between propylene carbonate and aniline was performed. The
reactor was made of a stainless-steel tube with an inner diameter of 6.3 mm. In a typical
experiment, self-supported fibers (e.g. 3–5 fibers) were packed in the hollow fiber
module. To start the reaction, the solution of mixtures (propylene carbonate: aniline, 1: 1
ratio) was introduced to the hollow fiber shell side at a flow rate of 0.02–0.08 cm3 min−1
(0.02 cm3 min−1 is equivalent to 10 Ml of propylene carbonate and 10 mL aniline with
100 mg hollow fiber catalysts in the batch system) at 140 °C, while nitrogen was
introduced to the hollow fiber bore side at a 15 mL min −1 flow rate to prevent pore
blockage as well as to push the product out of the bore. The schematic diagram of the
experimental set-up is shown in Figure 1. The reactor was left for half an hour to reach
steady state, and then samples were collected every 30 min.

Scheme 2. CO2 cycloaddition and competitive reaction of propylene carbonate with
aniline.
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3. RESULTS AND DISCUSSION
3.1. Br/APS/PAIHF TRIFUNCTIONAL ORGANOCATALYSTS
CHARACTERIZATION
In this study, species were bonded covalently into the highly interconnected pore
cell walls of the polymer surface for an effective catalytic and continuous flow reaction.
Hence, a combination of the fiber's textural properties and catalytic test results provides
useful information to gain insight into the catalytic immobilization of trifunctional
organocatalysts and their performance in continuous flow processes. The textural
properties were characterized, and elemental analysis was performed on the bare
PAIHFs, APS/PAIHFs and Br/APS/PAIHFs before and after the reaction, and the
corresponding results are summarized in Table 1. Both the surface area and pore volume
of the hollow fibers were reduced by approximately 50% after fiber treatment with APS
and bromine solutions respectively, which could be due to polymer chain rearrangement
and successful grafting of APS and bromine into bare PAIHFs. 23–25,36 These results show
that the post-treatment of fibers may cause the polymer chains to swell thereby resulting
in a smaller pore size towards the surface. The textural characteristics of Br/APS/
PAIHFs were also investigated which showed very similar characteristics before and
after catalytic evaluation.
The N 2 physisorption isotherms (Figure. S2 ESI) of bare PAIHFs, APS/PAIHFs
and Br/APS/PAIHFs before and after the reaction are type-IV isotherms with H1 type
hysteresis which indicates a typical mesoporous structure according to IUPAC
classification.38 Furthermore, it was observed that the CO 2 capacity uptake over the fibers
increases with APS and bromide grafting which is important for the CO 2 –propylene
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oxide cycloaddition reaction step. Moreover, the successful loading of APS and bromine
in the PAIHFs was confirmed by ICP Table 1. and XPS analyses Figure 3. The results of
XPS indicate negligible changes in the chemical nature of the PAIHFs after grafting with
APS and bromine. Qualitative elemental analysis revealed that the nitrogen and bromine
loadings in the Br/APS/PAIHFs were similar before and after the reaction, implying that
the chemical state of the fibers remained unchanged after the reaction. The loadings of
nitrogen and bromine in 1 g of fiber were around 3.7 and 0.1 mmol, respectively.
The FTIR spectra of all the hollow fibers are shown in Figure. S3 ESI. The
signals at 730 cm−1 and 1619 cm−1 are ascribed to the presence of Si–O bonds39,40 and
conjugated C=N vibration of the cyclic system (imidazole), respectively. 39,41 The
vibration band at 597 cm−1 is ascribed to the functionalization of the hollow fibers with
bromide. The post-treated fibers show a broad vibration band in the range of 3000–3500
cm−1 and 3468–3416 cm−1 , attributed to the vibration of O–H hydrogen bonds in SiO–H
(from APS grafting) and the N–H (from APS grafting and polymer backbone) vibration,
respectively.36 The IR spectrum of the Br/APS/PAIHFs confirmed the successful
aminosilane and bromide grafting on the surface of the PAIHFs.
Figure 4. shows the SEM images of the cross-section (a) and the surface of a
Br/APS/PAIHF before (b) and after (c) the catalytic reaction. The fibers were rinsed with
hexane after each posttreatment and catalytic reaction to prevent substructure collapse
and maintain the permeability of the hollow fiber microfluidic reactors. The micrographs
qualitatively confirm that the fiber pore morphology slightly collapsed after catalytic
processing which is in agreement with the fibers' textural properties. However, the
surface layer still remained uniform and showed moderate porosity after multiple
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exposures to various solvents Figure. 4C, which confirms the robust structure of the PAI
polymer matrix.

Figure 3. XPS spectra of the bare PAIHFs, APS/PAIHFs, and Br/APS/PAIHFs before
and after the reaction.

3.2. CATALYTIC ACTIVITY OF THE Br/APS/PAIHF TRIFUNCTIONAL
ORGANOCATALYSTS
3.2.1. Initial Assessment of Catalytic Activity in Batch Reaction. The
cycloaddition of CO 2 with propylene oxide (PO) for propylene carbonate (PC)
formation, which is an intermediate for the further hydroxyalkylation of aniline, was
conducted in DMA to evaluate the Br/APS/PAIHF trifunctional organocatalysts'
catalytic activities. Previously reported results16 suggested that the use of the activating
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abilities of the catalytic medium and the reaction conditions for the cycloaddition of CO 2
with epoxides played vital roles in the synthesis of cyclic carbonates. For the present
trifunctional organocatalysts as shown in Scheme 1, their structures consist of hydrogen
bond donor groups (–OH and –NH) and nucleophilic [Br−] groups. The multiple active
sites on the Br/APS/PAIHF organocatalysts can cooperate to promote CO 2 capture and
activation and the ring-opening of the propylene oxide substrate which has been shown
by other researchers as well.42 The control experiments were performed with the bare
PAIHFs and APS-grafted PAIHFs. However, no product was detected over these
materials. It should be noted that the APS-grafted PAIHFs showed high bulk strength
and prevented fiber swelling compared to the bare PAIHFs that dissolved in DMA.
Indeed, as shown in Scheme 1, the amine and hydroxyl functional groups in the APS
grafted hollow fibers are also utilized as hydrogen-bond donor groups for a cooperative
catalytic reaction.
Initially, the influence of the CO 2 pressure on the cycloaddition of CO 2 was
evaluated. As shown in Figure 5A, when the CO 2 pressure was increased from 5 to 20
bar, the PC yield was enhanced from 93% to 97%. The PO conversion was smoothly
improved to 100% due to the favorable contact between CO 2 molecules and the substrate
(PO) phase. When the CO 2 pressure was further increased, the PC selectivity improved
with no conversion loss. Therefore, it was found that a CO 2 pressure of 20 bar is
sufficient for the CO 2 cycloaddition reaction. Figure 5B. shows the kinetic plot for PC
synthesis catalyzed by the Br/APS/PAIHFs. The PO conversion and PC selectivity were
both increased with a longer reaction time. When the reaction time was further
prolonged, the CO 2 cycloaddition of PO gave rise to a product mixture of PC and some
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aldehydes, which is consistent with previous reports. 42 Hence, a reaction time of 1 h was
sufficient to achieve 98% PO conversion and 95% PC selectivity.
The immobilized organocatalyst polymeric hollow fibers were cut into pieces and
used as heterogeneous catalysts in a batch reactor for the tandem reaction of
cycloaddition of CO 2 with PO and hydroxyalkylation of aniline with obtained
intermediate PC at a 5 bar CO 2 pressure and 140 °C. The results are shown in Figure 5C.
As shown, initially, the 1-(phenylamino) propan-2-ol (AA) selectivity was significantly
enhanced to 98% over time (4 h), and slightly dropped (96%) with a longer reaction time.
However, the aniline conversion reached 98% after a 5 h reaction and remained constant
at a longer reaction time.

Figure 4. SEM images of (A) the cross section of a Br/APS/PAIHF, (B) the surface of the
Br/APS/PAIHF before the reaction, and (C) the surface of the Br/APS/PAIHF after the
reaction.

Two sets of experiments were carried out (i) with different reaction times and (ii)
various catalyst loadings. In the first set, a mixture of aniline and propylene carbonate
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(same molar ratio) was set to react at 140 °C in the presence of the same amount of the
Br/APS/PAIHF catalyst (5 mol% toward the aniline amount). The reactions were
monitored by GC-MS at time intervals of 1–48 h. As shown in Figure. 6A, the aniline
conversion increased with time, but the 1-(phenylamino)-propan-2-ol selectivity dropped
from ∼95% to 80%. Another approach to improve the catalytic activity and selectivity is
to increase the density of bifunctional species for cooperative interaction. 37 Therefore, a
second set of reactions containing an equimolar mixture aniline and PC was set to react
with increasing amounts of catalyst while sampling at the same reaction time.

Figure 5. Effects of different reaction parameters on the CO 2 cycloaddition of propylene
oxide to propylene carbonate at 140 °C: (A) different CO 2 pressures, 1 h (B) 5 bar CO 2
pressure, different reaction times, and (C) tandem reaction of CO 2 cycloaddition and
hydroxyalkylation of aniline at different reaction times (5 bar CO 2 pressure at 140 °C).
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Figure 6. Effects of different reaction parameters on the reaction of propylene carbonate
(PC) with aniline into 1-(phenylamino)propan-2-ol (AA) at 140 °C: (A) different reaction
times and ambient pressure; (B) various catalyst loadings, 1 h reaction time (reaction
conditions: mixture of 10 mL propylene carbonate and 10 mL aniline and 100 mg of
hollow fiber catalysts).

Initially, the aniline conversion was significantly improved with increasing
Br/APS/PAIHF loading from 5 to 20 mol% (toward the aniline amount). When the
catalyst loading was further increased, it did not markedly promote the reaction as seen
from the significant drop in the 1-(phenylamino) propan-2 ol selectivity after 10%
catalyst loading Figure. 6B. This could be due to competitive acylation followed by
cyclization Scheme 3, path a. For both sets, the major product was 1 (phenylamino)
propan-2-ol (Scheme 3: compound 2). Based on previous studies, in the presence of
different catalysts, the efficiency of the reaction is limited by the dual electrophilic
character of propylene carbonate which may cause competitive acylation followed by
cyclization Scheme 3, path a or hydroxyalkylation Scheme 3, path b.11,19,43,44 The finding
clearly shows that 1 (phenylamino)- propan-2-ol (2) and 2-anilino-1 propanol (3) are the
major product compounds at a shorter reaction time, while 3-phenyloxazolidin-2-one (4)
will be more dominant at a longer reaction time. It still remains highly challenging and
attractive to selectively prepare aminoalcohols through a site-specific hydroxyalkylation
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reaction using baromatic amines and cyclic carbonates under mild reaction conditions.
Although the corresponding knowledge of the acid–base– nucleophilic trifunctional
cooperativity is still limited, this new and sustainable catalytic process would represent a
valuable alternative to metal-based processes. Based on the experimental results and
previous reports,11,14–16,45 the highly efficient CO 2 cycloaddition reaction and
hydroxyalkylation of aniline was achieved over multifunctional organocatalysts
immobilized on porous hollow fiber supports.
3.2.2. Catalytic Activity in a Continuous Microfluidic Reactor. As stated
earlier, this novel hollow fiber catalyst morphology and structure offer advantages over
fixedbed 29,46,47 and multistep continuous flow reactors48,49 by providing a high surface
area to volume ratio, avoiding particle attrition and quenching operations, and having the
ability to minimize mass transfer resistances. In particular, as a result of the tunable
surface porosity of the hollow fiber structures and trifunctional organocatalyst ( – OH, –
NH and Br−), the reaction capabilities of certain composite hollow fiber catalysts are
shown in this section to meet or exceed those achievable by ionic liquids or other
trifunctional catalysts in batch reported previously. 50
The primary goal of this experiment is to define the theoretical and practical
fundamentals of permanent immobilization of Br/APS/PAIHF trifunctional
organocatalysts for continuous-flow synthesis of aminoalcohols. After demonstrating the
efficiency of the Br/APS/PAIHFs in hydroxyalkylation of aniline with a cyclic carbonate
in the batch reactor, the performance of the catalyst was further evaluated over metal-free
Br/APS/PAIHF hollow fibers as a heterogeneous catalyst and continuous-flow reactor.
The hollow fiber module was formed using five Br/APS/PAIHF fibers. The volume of
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the reactor can vary, depending on the internal diameter of the tubing and the number and
diameter of the hollow fibers used. The performance of the Br/APS/PAIHF module in a
continuous flow reaction was investigated at different flow rates (0.02– 0.08 cm3 min−1 )
at 140 °C for 6 h while samples were collected for analyses every 30 min. The reaction
was performed under the same conditions as the packed -bed reaction, but the reactants
traveled from the shell side through the porous hollow fiber catalyst, with the product
flowing out into the bore.
A syringe pump was used to continuously introduce the reactants at 0.02, 0.04 and
0.08 cm3 min−1 into the shell side of the hollow fiber microfluidic reactor at 140 °C. The
relationship between catalyst performance and flow rate in the continuous hollow fiber
module for hydroxyalkylation of aniline with a cyclic carbonate is shown in Figure 7.
The structure and the purity of the products were identified by GCMS, 1 H NMR and 13 C
NMR (see Figure S4–S7 ESI).

Scheme 3. Competitive reactions of propylene carbonate with aniline.

The highest conversion value of 61% and selectivity value of 97.5% towards 1(phenylamino)propan-2-ol was achieved at the lowest flow rate (0.02 cm3 min−1 ),
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whereas by increasing the flow rate to 0.08 cm3 min−1 , the conversion dropped drastically
to 30% while the selectivity remained stable (∼95%) for the hydroxyalkylation of aniline.
The same hollow fiber module was reused at each flow rate after rinsing with hexane and
then drying under a vacuum at 80 °C for 2 h without obvious loss of activity.
In the present study, the organocatalysts were immobilized onto and into the
sponge wall or shell side of the hollow fiber; hence, the reactant molecules need more
time to diffuse into the pores and come into contact with the catalytically active sites
compared to a homogeneous reaction system. Therefore, it is reasonable that, in a
heterogeneous hollow fiber reaction system, the substrate concentration and volume may
lead to improved mass transport performance and enhanced reaction kinetics. Since the
same reaction mixture was used, the reaction rate difference may be due to the high
availability of active sites on the hollow fiber catalysts and removal of the products from
the reaction media. The product and reaction mixtures were removed from the hollow
fiber module continuously, and the conversion of aniline reached 61% after a 30 min
reaction under steady state conditions (at a flow rate of 0.02 cm3 min−1 , residence time τ∼
5 min). The performance enhancement is normally attributed to a larger surface area and
number of surface atoms, leading to more active sites.
Also, as evident from Figure. 7A, the catalyst retained its activity after 300 min.
These findings demonstrate that the trifunctional organocatalyst microfluidic reactor
developed here gives almost the same conversion and selectivity as that in batch while
being resistant to deactivation. It is also worth noting that the Br/APS/PAIHF
trifunctional organocatalysts were more selective toward the 1-(phenylamino) propan-2ol (2) product than the 3-phenyloxazolidin-2-one (4) product compared to those reported
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for the batch reaction. This finding further confirms that the Br/APS/PAIHF continuous
flow microfluidic reactor is not only an efficient system to perform ultrafast exothermic
reactions, but also offers a unique way to control the reactions which proceed via highly
unstable intermediates.
Contrary to the batch reaction where the majority of the products were 3phenyloxazolidin 2-one (4), the continuous flow reactor gave exclusively (or in a major
proportion) the aminoalcohol product. The implications of this work include the possible
synthesis of an important chemical precursor (1-(phenylamino) propan-2-ol) in pure form
and in high yield.

Figure 7. Effect of flow rate on aniline conversion and selectivity in hydroxyalkylation
of aniline with propylene carbonate at 140 °C and ambient pressure: (A) 0.02, (B) 0.04,
and (C) 0.08 cm3 min−1 .
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The resulting self-supported catalysts are stable and wellbehaved under catalytic
conditions, demonstrating outstanding reactivity and selectivity, comparable to or even
better than their analogous homogeneous counterparts. Incorporating trifunctional
organocatalysts in the walls of the fibers presents an alternative to a traditional packed
bed reactor. A continuous flow reaction system is an ideal platform for the
hydroxyalkylation of aniline because the reaction proceeds through proton transfer
between reactants, thereby affording the desired products by simply controlling the
contact time and reaction temperature.
The results of these experiments show the high efficiency of the catalyst and very
short reaction time compared to other reactions, and the data show that after only 30
minutes of reaction time, a conversion of 30% was achieved with 97% selectivity and
29% yield which indicates a much higher efficiency for this process. The reaction was
left to run for 6 hours and the end result was a 60% conversion, 97% selectivity, and 59%
yield. A reason for these results could be the structure of the hollow fiber and the process
of traveling from the shell side through pores to the hollow side and exiting maximizes
the contact area of the active sites on the catalyst. Another reason could be the lack of air
in the process which is present in the batch reactor as the continuous microreactor setup
ensures that air cannot get into the process.
As a sustainable alternative for conventional batch based synthetic techniques, the
concept of hollow fiber catalysts for continuous-flow processing has emerged in the
synthesis of fine chemicals. The fiber synthesis allows for a variety of supported
organocatalysts to be immobilized in the fiber pores, thus leading to a diverse set of
reactions that can be catalyzed in flow. Additionally, the fiber synthesis is a scalable,
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versatile, and user-friendly system wherein only reactor modules would be attached by
the operator in a matter of seconds, without further reconfiguration of pumps, tubes, and
other flow components that makes it particularly attractive for any type of reaction
Figure1. The author aimed for chemically compatible continuous flow reaction
components that would enable various chemical transformations on a small footprint
platform providing superior mixing for immiscible reagents and efficient heat transfer
and having an intuitive graphical user interface with a practical engineering solution.

4. CONCLUSION

This work has reported the first example of metal free Br/APS/PAIHF
trifunctional organocatalyst for hydroxyalkylation of aniline conducted in a new type of
continuous-flow microfluidic reactor for comparison to the above data example. This
type of catalyst can produce a very innovative system that can be used in various
applications to express the benefits of nanocatalysts in batch systems, packed beds, and
continuous reactors. The results show that the conversion and selectivity are the highest
in the pressurized batch system, but when it is compared to the continuous flow reactor,
higher values of conversion, yield, and selectivity can be achieved in a shorter time than
the batch system. The structure and properties of the hollow fibers play a significant role
in the reaction providing a large surface area with respect to the volume which is
excellent for the mass transfer process and low flow resistance in the continuous flow
reactor. This reconfigurable system has accelerated the synthesis of lab-scale quantities of
organic precursors. Further, the small footprint and user-friendly nature of the developed
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system make it a particularly attractive system to optimize and evaluate various chemical
transformations in a matter of hours or days which does so under identical reaction
conditions and allows researchers to direct more of their efforts toward the creative
aspects of process intensification. The author believes that this work provides a new
proof-of-concept prospect for permanent immobilization of multifunctional
organocatalysts that is simple, fast, and promising for selective and sustainable chemical
transformation.
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SUPPORTING INFORMATION

A METAL- AND SOLVENT-FREE SYNTHESIS OF AMINOALCOHOLS
UNDER CONTINUOUS FLOW CONDITIONS

1. POLYMER DOPE COMPOSITION AND CREATION OF POLYAMIDEIMIDE HOLLOW FIBERS
The porous polyamide-imide hollow fiber (i.e., PAI) was synthesised in this
study. Torlon 4000T-HV, a commercially available polyamide-imide (PAI) (Solvay
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Advanced Polymers, Alpharetta, GA), and polyvinylpyrrolidone (PVP) (average Mw≈
1300 K, Sigma-Aldrich) were used for the correspondence of the composite hollow fiber
catalysts. The PVP was dried at 80 °C for 24 h under vacuum to release pre-sorbed water
vapor. After that, Torlon was dried at 110 °C for 24 h proceed using De-ionized (DI)
water that was added as a nonsolvent into the fiber dope. N-Methyl-2-pyrrolidone (NMP)
was embedded as the solvent to form the spinning dope, which could attribute to its
strong solvent power, low volatility, and good water miscibility. Therefore, all solvents
and nonsolvents were used as received with no purification or modification. Methanol
and hexane were used for solvent exchange after fiber catalyst spinning. Besides, the
methanol was used to remove excess water from the fibers. Namely, spinning dope to
create a 10/90 (weight ratio) catalyst/Torlon contains the polymer PAI, zirconia particles,
NMP (solvent), water (nonsolvent), and additives (PVP). The optimized polymer dope
compositions and spinning conditions are tabulated in Table S1.

Table S1. Optimized spinning conditions for corresponding of polyamide-imide hollow
fibers.
Dope composition
(PAI/PVP/NMP/H2O) (wt %)

24/7/64.5/4.5

Dope flow rate
Sheat fluid (NMP/H2O)
Sheat flow rate
Bore fluid (NMP/H2O)
Bore fluid flow rate
Air gap
Take up rate

600 mL/hr
50/50 wt%
50 mL/hr
88/12 wt%
200 mL/hr
10 cm
8.5 m/min

Operating temperature

60 °C

Quench bath temperature

60 °C

Figure S1 is a schematic representation of the hollow fiber creation process. A
standard bore fluid involved in this work consists of NMP and water with the weight ratio
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of 88:12.35 An appropriate Torlon core dope composition (determined by cloud point
method and rheology measurements) was fed to the middle spinneret compartment.

Figure S1. Schematic diagram of polyamide-imide hollow fibers spinning apparatus.

2. POST SPINNING INFUSION AND AMINE GRAFTING OF
POLYAMIDE-IMIDE HOLLOW FIBERS

The 3-Aminopropyltriethoxysilane (APS) was used as the grafting agents for
grafting zirconia-Torlon fiber catalysts.10,36,37 The amine grafting was performed in a
mixture of a non-polar solvent (toluene) and a polar protic solvent (water). The water
content of the mixture was kept within the range 0.01- 1.00 wt%. Additionally, water has
played a vital role for protonating APS and hydrolyzing methoxy groups in dry liquid. As
shown, exposure of APS to moisture obstructs strong hydrogen bonds leads to the
formation of polysiloxane. It was clearly that a water content of 1.00 wt% caused the rise
to highest amine loading. As a mentioned above, after the PAIHFs composites were
formed, they were subjected to a methanol solvent exchange process demonstrated by
exposure to different APS/toluene/water (ratio 9.9:90.0:0.1 wt%) solution mixtures with
varying immersion times, from 1 to 6 h. As a result, the PAIHFs catalysts were removed
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from the amine solution and rinsed with hexane for 30 min at ambient temperature to
wash away the ungrafted APS deposited onto the fiber surface. Finally, APS-grafted
PAIHF catalysts were placed in a preheated vacuum oven and cured for 1 h at 60 °C. The
APS aminosilane can form a durable bond with the PAIHFs in this post-spinning
immersion step. The optimum infusion condition was determined by soaking 0.15 g of
PAIHF catalysts in a 100 g solution of different concentrations of APS in toluene/water
mixture (i.e., 5, 10, 15, and 20 wt% APS) at room temperature for 1-8 h. For 10 wt%
APS/toluene/water solution and an infusion time of 2 h, the fibers exhibited an optimum
amount of amine loading.
The APS grafted PAIHFs were further modified by reaction with 1,3dibromopropane in dry toluene at 80 °C for 2 h to give the ammonium bromide
derivatives. Finally, the fibers were solvent exchanged with toluene and dried under
vacuum (30 mTorr) at 85 °C to remove the residual solvent from the pores, yielding the
Br-immobilized APS-grafted PAIHFs (Br/APS/PAIHFs).
3. HOLLOW FIBER TRIFUNCTIONAL CATALYST
CHERACTERIZATION

Figure S2. Nitrogen adsorption/desorption isotherms for bare PAIHFs, APS/PAIHF and
Br/APS/PAIHF before and after reaction.
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Figure S3. IR spectra of bare PAIHF, APS/PAIHF and Br/APS/PAIHF before and after
reaction.
4. PRODUCT CHARACTERIZATION

Figure S4. GC-MS spectra for the 1-(phenylamino) propan-2-ol
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Figure S5. FTIR spectra of 1-(phenylamino) propan-2-ol.

39

Figure S6. 1 H NMR spectra of the 1-(phenylamino) propan-2-ol, at 1, 7, 24 and 48 h.
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Figure S7. 13 C NMR spectra of the 1-(phenylamino) propan-2-ol, at 1, 7, 24 and 48 h.
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Scheme S1. The proposed reaction mechanism
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ABSTRACT

Most cooperative organocatalysts for the CO 2 cycloaddition have been based on
silica-supported amines. In this study, an alternate method is developed where by
cooperative amine/acid/halide interactions are tailored through the implementation of
porous polyimde support.Cooperative catalysts combining weak acids (silanol), weak
basic amines and nucleophilic [Br-] species have been developed and utilized to
effectively catalyze tandem CO 2 cycloaddition and aminolysis of cyclicarbonoate
reactions to aminoalcohols under mild conditions. The trifunctional organocatalysts were
prepared by crosslinking of porous polyimde polymer support with aminosilane and
further immobilization with sodium 2-bromoethanesulfonate and 3-bromopropane
sulfonic acid sodium salt. The activity of obtained organocatalysts, which have bromide
groups with different alykyl chain lengths showed coparable but alightly different
activities.The obtained trifunctional organocatalysts were evaluated for the solvent-free
syntehsis of aminoalcohols from the reaction of obtained cyclic carbonat (from CO 2
cycloadition) with aliphatic and aromatic amines. The trifunctional organocatalytic

47
system exhibited remarkable selectivity for aaminoalcohols (86%) and 100% cyclic
carbonate conversion, suggesting its potential for practical applications.

1. INTRODUCTION
In general, multifunctional organocatalysts are a combination of more than one
functional group within a single molecule. The design of multifunctional organocatalysts
is plays an important role in the synthesis of organic compounds under mild and solventfree conditions, and it achieve high yields of the desired product that could reach up to
80% or more, and reaching up to 100% of the conversion of amines. To explore the
activity of the catalysts, they were used as a novel green and reusable heterogeneous
catalyst for the organocatalyzed hydroxyalkylation1 of aliphatic and aromatic amines for
aminoalcohols formation in the presence of nontoxic and stable organic cyclic
carbonates.
The high surface area and inexpensive polyamide-imide hollow fibers (PAIHFs)
were used as a platform for the catalyst and were functionalized with 3aminopropyltrimethoxysilane (APS) and immobilized with a different source of halogens.
Three different sources of nucleophiles were applied to design the multifunction
organocatalysts; 3-bromopropanesulfonic acid sodium salt, and sodium 2bromoethanesulfonate were used as a source of bromine. Theus, the species Br-, and
sulfur trioxide group SO3- were acting as a Lewis acid, so they accepted electrons from
the donor species. While the proton donors –OH and –NH are electrophiles and were act
as a Lewis base. The overall use of these anionic species and cationic species on the body
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of the single molecule provided multi-active sites and achieved a final structure of the
multifunctional organocatalysts.
Given the importance of organocatalysts in the synthesis of organic compounds,
researchers have paid great attention to them, and they have developed many types of
organocatalysts such as, phosphonium salts, imidazolium salts, and organic amines.
However, these catalysts still encounter drawbacks during the catalyst formation process
which can include high catalyst loading, low activity, and harsh reaction conditions 21,22,23.
Recently, multifunctional organocatalysts have become more important to the
organic compound formation. For instance, Ning Liu et al. (2018) have demonstrated that
one-component organocatalysts can be a competitive alternative to metallic catalysis for
the cycloaddition reaction of CO 2 with epoxides for the synthesis of cyclic carbonates
under mild reaction conditions24 . Ashokkumar and Siva designed a tetrafunctional chiral
organocatalysts from cinchona alkaloids with pentaerythritrol-based tetrabromide, for the
asymmetric Michael addition reaction of nitro olefins with different groups of Michael
donors. They reported high enantioselectivities under mild reaction conditions25 . In
previous work, the author reported a novel method for the immobilization of trifunctional
organocatalysts and demonstrated their applications as heterogeneous catalysts for the
cycloaddition of CO 2 with propylene oxide; wherein, the synthesized propylene
carbonate was reacted with aniline for the syntheses of aminoalcohols. The outcome of
both reactions cycloaddition of CO 2 , and hydroxyalkylation reaction of aniline, achieved
high conversion and selectivity under moderate reaction conditions2 .
Tomotaka et al, 2003. reported that the thiourea catalyst provided high
enantioselectivities as a bifunctional organocatalysts for the Michael reaction of
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malonates to various nitroolefins26 . Herein, the work focused on the design and
fabrication of two types of multifunction organocatalysts and demonstrated their
application for the synthesis of aminoalcohols from direct hydroxyalkylation reaction of
aliphatic and aromatic amines with cyclic carbonate. The formation of β-amino alcohols
via the hydroxyalkylation of amines with organic cyclic carbonates was a distinguished
approach in medicinal and organic chemistry because they are useful synthetic
intermediates for the preparation of β- amino acids, natural products and chiral
auxiliaries27 . The ring opening of cyclic carbonates with excess of aliphatic or aromatic
amines is the most straightforward route to the synthesis of β-aminoalcohols28 . The
presence of multi-active sites on the catalyst body makes the reaction quick and easy for
product formation, which leads to an effective conversion of the reactants and a high
productivity of the desired compounds. In this work, the designed catalysts performed an
active role in the synthesis of amino alcohols with very good yield and high conversion
that achieved up to 100% in most of the reactions.

2. EXPERIMENTAL SECTION

2.1.THE FORMATION OF HOLLOW FIBER POLYAMIDE-IMIDE (PAI-HF)

The formation of hollow fibers (PAIHF’s) polyamide-imide was performed by the
method of “dry-jet, wet-quench spinning” as mentioned in previous work 8 . To improve
the stability and compatibility in commonly used solvents, such as DMA and DMF, HFPAI has been post-treated and crosslinked with a mixture of toluene, APS, and water in a

50
weight ratio of 90:9:0.1, respectively, at 80 ° C for 2h to get HF-PAI/APS. For more
details see the previous work3,2 .
2.2. MULTIFUNCTIONAL ORGANOCATALYSTS FORMATION
2.2.1. Synthesis of Multifunctional Organocatalysts [HF PAI/APS/3-BrProp]. In a 100 ml round bottom flask, 40 ml of methanol (1.019 mole) was added to 3bromopropanesulfonic (1g) and was stirred until 3-bromopropanesulfonic completely
dissolved in methanol. Then HF-PAI/APS (2g) was introduced to the mixture, which was
stirred under a reflux condenser for 6-8h at 80 °C in an oil bath to give the ammonium
bromide derivatives. Finally, the fibers were solvent exchanged with toluene and dried
under a vacuum (30 mTorr) at 80 °C to remove the residual solvent from the pores,
yielding the Br-immobilized APS-grafted PAIHFs [HF-PAI/APS/ (3- Br-Prop] see
Scheme 1.

Scheme 1. Synthesis of 3-Br/APS/PAIHF multifunctional organocatalysts.

2.2.2. Synthesis of Multifunctional Organocatalysts [HF-PAI/APS/Na-2-Br].
Synthesis of multifunctional organocatalysts [HF-PAI/APS/Na-2-Br] Sodium 2Bromoethanesulfonate (1g) was completely dissolved in 40ml methanol (1.019 mole), the
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mixture was transferred to a 100 ml round bottom flask, then (2g) of HF-PAI/APS was
carefully added to the mixture. The obtained mixture was stirred under a reflux condenser
at the same conditions mentioned above, and the immobilized result was washed by
toluene to remove the remaining methanol. It was dried under a vacuum (30 mTorr) at 80
°C to remove the residual solvent from the pores, yielding the Br-immobilized APSgrafted PAIHFs [HF- PAI/APS/Na-2-Br, see Scheme 2.

Scheme 2. Synthesis of 2-Br/APS/PAIHF multifunctional organocatalysts.

2.3. CHARACTERIZATIO OF MULTIFUNCTIONAL ORGANOCATALYSTS
The structure of Multifunctional Organocatalysts HF-IPA/APS/3-Br-Prop, and
HFs-IPA/APS/Na-2-Br was demonstrated by Fourier Transform Infrared Spectroscopy
(FTIR) in the range of 400–4000 cm−1 with a Bruker Tensor instrument. The spectra were
acquired at a 4 cm−1 resolution. The BET surface area, BJH pore volume, and average
pore size of bare [HFs-IPA,] [HFs-IPA/APS], [HFs-IPA/APS/3-Br-Prop], and [HFsIPA/APS/Na-2-Br] were determined using nitrogen isotherms (−196 °C) with a
Micromeritics 3Flex. Prior to analysis, the hollow fibers were degassed at 110 °C under
vacuum for 2 h to remove any pre-adsorbed species from the pores of the materials’
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pores. The CO 2 adsorption capacities of the fibers were measured at 35 °C in a 10% CO 2
atmosphere (balanced with N 2 ) using TGA. The characterizations results are shown in
Table 1.
Inductively coupled plasma optical emission spectroscopy (ICP-OES) was used to
determine the amine and bromine loadings of the hollow fibers. The corresponding
results are given in Table 1. A High-resolution Scanning Electron Microscope (Hitachi S4700 FE-SEM) was used to assess the morphology of the bare HFs-IPA and HFsIPA/APS. The products and reactants were analyzed on an Agilent 19091S-4 33 gas
chromatograph (GC) equipped with a mass spectroscopy (MS). The method and capillary
column mode are as follows, HP-5MS (0.25mm x 30m x 0. 25 um); Max temperature:
350 °C Nominal length: 30. 0 m, Nominal diameter: 250. 00 um, Nominal film thickness
0 25 um; Mode constant pressure 1 4 .70 psi; Nominal initial flow 1. 8 mL/min Average
velocity: 4 9 cm/sec. Beside the GC-MS, the products were determined by using 1 H
nuclear magnetic resonance (NMR) and 13 C NMR at room temperature using a BrukerDRX 400 MHz spectrometer.
2.4. MATERIALS AND CHEMICALS
Sodium 2-Bromoethanesulfonate, 3-Bromopropanesulfonic, propylene carbonate
(PC), aniline, hexyl amine, butyl amine, 4-aminophenol, toluene, 3aminopropyltrimethoxysilane (97%) (APS), and methanol were purchased from SigmaAldrich; all the chemicals were used as received without purification. Polyamide-imide
(PAI) was supplied by Solvay Advanced Polymers (Alpharetta, GA). Nitrogen was
purchased from Airgas, and it was used to purge the sample in the continuous flow
system.
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2.5. REACTION PROCESS
2.5.1. Batch Reaction of Propylene Carbonate with Butylamine,
Hexylamine, Aniline, and 4-aminophenol in the Presence OF [HF-PAI/APS/3-BrProp]. The hydroxyalkylation reaction of aliphatic and aromatic amines with cyclic
carbonate in the presence of [HF-PAI/APS/3-Br-prop] was carried out in a 100 ml high
pressure stirred reactor operating in the batch mode. The general procedure was
performed as follows: 1) 0.3g of the catalyst [HF-PAI/APS/3- Br-Prop] was added to the
mixture of starting material. The mixture was containing of 6 ml of propylene carbonate
and 1ml of aromatic or aliphatic amines, (aniline, butylamine, hexylamine, and 4aminophenol) under the reaction conditions of 60 Psi nitrogen, and 140 °C at different
reaction times of 2, 4 and 8 hours; Scheme 3 and 4 shows the reaction route of the
aliphatic amines with propylene carbonate.

Scheme 3. The hydroxyalkylation reaction of propylene carbonate with butyl amine.

The products and starting materials were analyzed on an Agilent 19091S-4 33 gas
chromatograph (GC) equipped with a mass spectroscopy (MS). The capillary column
mode is HP-5MS (0.25mm x 30m x 0. 25 um); Max temperature: 350 °C. Beside GC-MS
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analysis the products were determined by using 1 H nuclear magnetic resonance (NMR)
and 13 C NMR at room temperature with a Bruker-DRX 400 MHz spectrometer.
It could be seen from the reaction mechanisms the products of the reaction
between (amine + PC) were the same whether in the presence of [HF-PAI/APS/3- BrProp] or [HF-PAI/APS/Na-2-Br], the only difference was in the conversion of amines
and the selectivity of products, which highly depends on the activity of the catalyst.

Scheme 4. The hydroxyalkylation reaction of propylene carbonate with hexyl
amine.

2.5.2. Batch Reaction of Propylene Carbonate with Butylamine,
Hexylamine, Aniline, and 4-aminophenol in the Presence of [HF- PAI/APS/Na-2Br]. As mentioned in the previous step the direct hydroxyalkylation reaction of amines
and the nucleophilic ring opening of cyclic carbonate were performed in a 100 ml high
pressure stirred reactor operating in the batch mode. The procedure was performed by
adding 1cm3 of amine to 6 cm3 of propylene carbonate, the mixture and 100 mg of the
[HF- PAI/APS/Na-2-Br] were introduced to the high pressure stirred reactor vessel.
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Scheme 5. The hydroxyalkylation reaction of propylene carbonate with aniline.

The reaction was performed under 60 psi N 2 and at 140 C for three different
reaction times of 2, 4, 8 hours. Scheme 5 and 6 illustrates the reaction mechanisms of the
aromatic amines with propylene carbonate in the presence of both catalysts [HFPAI/APS/Na-2-Br] and [HF- PAI/APS/Na-2-Br]. The reaction was performed under the
same reaction conditions. Note that, the reaction procedure was performed on all the
amines (aniline, butylamine, hexylamine, and 4-aminophenol) with PC in the presence of
[HF-PAI/APS/Na-2-Br-], the results will discuss later.

Scheme 6. The hydroxyalkylation reaction of propylene carbonate with 4aminophenol.
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Figure 1. The setup of the reactor

Table 1. Textural properties, CO 2 capacity, amine and bromide loading of the bare
HF-PAI, HF-PAI/APS, HF-PAI/APS/Na-2-Br, and HF-PAI/APS/3-Br-Prop
Hollow fibers

HF-PAI

HF-PAI/APS
25.20

HF-PAI/APS/Na 2-Br
16

HF-PAI/APS/3Br-Prop
16.5

57.54

V pore
CO2 capacity (mmol
per g fiber)c

0.27
0.039

0.17
1.32

0.119
1.42

0.118
1.5

N loading (mmol per
g fiber)d

—

3.9

3.5

3.7

Br loading (mmol per
g fiber)d

—

—

0.12

0.14

SBET (m²/g )a
(cm 3 g−1 )b

a Determined

by nitrogen physisorption experiments at 77 K. b Determined by the BJH
at 35 °C in a 10% CO2 atmosphere (balanced with N2).
d Determined by elemental analysis.
method. c Measured by TGA

2.5.3. Catalyst recycling. Recycling experiments with [HF-IPA/APS/3-Br-Prop]
fiber catalysts at 2, 4, and 8h it was conducted to determine the degree of reuse and the
extent of leaching of oxides from the fibers. The used hollow fiber was dried in a
vacuum oven for 3h at 80 C in order to remove all the remained reactants and products
on or in pores to refresh the catalyst for a new run. The activity of the catalyst was
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determined after three cycles and the results were compared with fresh materials, for mor
details see previous work9 .

3. RESULTS AND DISCUSSION

3.1. PHYSICAL AND CHEMICAL CHARACTERIZATION OF THE
DESIGNED CATALYSTS
As indicated in Section 2.3 a variety of techniques have been used in this work to
characterize the designed catalysts to demonstrate the grafting with aminosilanes and the
immobilizing of bromine were successful. The characterization results confirmed that the
species, -OH, -NH, and Br- were covalently attached to the highly bonded porous cell
walls of a hollow fiber surface; thus, a set of structural properties and catalytic fiber test
results provided useful information to gain insight into the catalytic fixation of
multifunction organocatalysts and their performance in hydroxyalkylation reaction. The
process of characterization was applied on [HF-PAI/APS/3-Br-Prop], [HF-PAI/APS/Na2-Br], and the bare fiber HF -PAI and HF -PAI/APS were tested as well. The results of
the textural properties are listed in Table 1.
Figure 2 represent the Brunauer-Emmett-Teller (BET) surface area analysis and
Barrett-Joyner-Halenda (BJH) pore size and volume analyses mentioned that the bare
fibers HFs-PAI had the largest surface area and pore volume: 57.54m2/g , 0.27 cm3/g,
respectively; while, the surface area and pore volume were decreased either after the
grafting with APS or after the immobilization of bromine, this could be due to the vacant
sites on the bare fibers, the rearrangement of the polymer chain, and successful grafting
and immobilizing of both APS and halogen into the bare PAIHFs. 2,3,29
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Figure 2. N 2 physisorption isotherms and pore size distribution for HF-PAI (bare), HFPAI/APS, HF-PAI/APS/Na-2-Br, and HF-PAI/APS/3-Br-Prop. Pore size distribution
derived from the DFT method using the desorption branch of the N 2 isotherm.

The results illustrated that the post-treatment of the fibers makes the pore size
small, especially towards the surface of the fibers, which might be related to the swelling
of the polymer chains2 . Furthermore, the analysis of nitrogen adsorption-desorption
isotherms for the HFs-IPA before and after grafting and the immobilizing process of APS
and halogens, respectively, are type IV, according to the IUPAC nomenclature. This
indicated that the pore diameter was between 2 and 50 nm, which is the range of a
mesoporous.
The Thermogravimetric Analysis (TGA) results Table 1, indicated that the
capacity of CO 2 over the fibers decreased after the grafting with APS and halogens which
was helpful for the hydroxyalkylation reaction of the amines and prevented the
occurrence of the reverse reaction, pushing the reaction towards the formation of
products. For further confirmation the Fourier-Transform Infrared Spectroscopy (FTIR)
was used to corroborate the effective grafting of APS and Br- into the polymer chains,
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including HFs-PAI, HFs-PAI/Aps, HFs-PAI/Aps/3-Br-Prop, and HFs-PAI/Aps/Na-2-Br.
FTIR spectra of these cases are shown in Figures 3, 4 . The clear signals at 3000-3500
cm-1 are related to the vibration of O-H hydrogen bonds in SiO-H that attributed to APS.
The signals at 3416-3468 cm-1 are attributed to N-H that assigned to APS and polymer
backbone. The stretched signals at 515-690 cm-1 are attributed to the C-Br that ascribed
to the functionalization of the polymer with bromide, and the signals at 730 cm -1 and
1619 cm-1 are related to Si-O bonds and conjugated C=N vibration that came from the
cyclic system (imidazole), respectively30,2,31,32.
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Figure 3. IR spectra of bare HF-PAI; HF-PAI/APS and HF-PAI/APS/3-Br-Prop.
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Furthermore, S=O spectra that attributed to the sulfur trioxide group (SO3-) was
at 1380 cm-1 to 1380 cm-1 as indicated in Figure 3,4. Thus, all these clarifications
confirmed that grafting and immobilization ware successful on the polymer body, and
fulfilled the required multifunctional organocatalysts.
For more information about the efficiency of the catalysts, the catalysts were
tested by a scanning electron microscope (SEM) prior to and after the reaction. Figure 5
shows the SEM images, confirming that the fiber outer pore morphology was a little bit
collapsed during post-treatment processing and a highly porous state was not maintained
after APS grafting and Br immobilization, Figure 5c. However, the porous network of
HF-PAI/APS/Br still retained, Figure 5d. Furthermore, as could be seen from Figure 2e,
the fiber surface layer showed moderate porosity after the reaction, which indicates that
there was a strong bonding between the Br- and polymer matrix
Some minor changes were observed on the surface of catalysts; however, the
catalysts still maintained their efficiency, which indicated that the catalysts had a high
bonding strength. This made them reusable without losing their catalytic efficiency, and it
could be clearly seen in Figure 5 C 2 .

Figure 5. SEM images of (a) the cross section of bare HF-PIA, (b) the surface of bare
HF-PIA, (c) the surface of the HF-PIA/APS, (d) surface of HF-PIA/APS/Br, and (d)
surface of HF-PIA/APS/Br (after reaction).
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3.2. TESTING THE DESIGNED CATALYSTS ON THE COURSE OF THE
HYDROXYALKYLATION REACTION OF AMINES WITH PROPYLENE
CARBONATE
3.2.1. Effects of HF-PAI/APS/Na-2-Br and HF-PAI/APS/3-Br-PROP on the
Course of the Hydroxyalkylation Reaction of Butyl Amine with Propylene
Carbonate. The study was focused mainly on ascertaining if the designed catalysts
materials are active for the hydroxyalkylation reaction of butylamine with PC. To
confirm that, the catalysts were used in a 100 ml high pressure stirred reactor operating
in batch mode. The catalytic performance of HF-PAI/APS/Na-2-Br and HF-PAI/APS/3Br-Prop was assessed for the hydroxyalkylation reaction of butylamine with propylene
carbonate towards the synthesis of an aminoalcohols, as represented in Scheme 3. It
could be seen that the reaction mechanism had two pathways, a and b. Pathway a lead to
the formation of the major product, 1-(butylamino) propan-2-ol, which is the most
productive. While pathway b gave the byproduct, which was the least productive, 2(butylamino) propane-1-ol. The products structure was determined by the GC-MS, and
NMR, see Figure S3, S9-S12, Supporting Information. As could be seen in Figure 6a and
b, the conversion of butylamine was 100% under both of the catalysts at all of the
reaction times 2,4, and 8 hours. This indicates that the catalysts under this study had a
high catalytic ability to convert amines under moderate reaction conditions.
The activity, efficiency, and ease of use in terms of their separation from the
products, all of these properties marked the catalysts as very important for the
hydroxyalkylation reaction, so they should be taken into consideration as an alternative to
homogeneous catalysts. On the other hand, the selectivity and the yield of 1-(butylamino)
propan-2-ol was at 40% in 2h, and slightly decreased to 23% at 8h, in the presence of
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HF-PAI/APS/Na-2-Br; while, under the HF-PAI/APS/3-Br-Prop the selectivity was 56%
at 2h, and slightly increased to ~ 26% at 4 and 8h. This behavior indicated that the
hydroxyalkylation reaction of butylamine took place in a short time, which means that the
reaction was finished because the reactant was completely consumed. Therefore, the
reaction gave the highest selectivity of the product at the first two hours of the reaction
time, see Figure 6a-b.
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Figure 6. Effects of reaction time on the butyl amine conversion and the selectivity of [1(butylamino)] propane-2-ol in the presence of A) HF33-PAI/APS/Na-2-Br; B) HF33PAI/APS/3-Br-Prop.

3.2.2. Effects of HF-PAI/APS/Na-2-Br and HF-PAI/APS/3-Br-Prop on the
Course of the Hydroxyalkylation Reaction of Hexylamine with Propylene
Carbonate. Figure 7a - b shows the effect of the reaction time on the conversion of
hexylamine and the selectivity of the product. The conversion of hexylamine was 100%
at all times of the reaction. This proof indicates that the catalysts had a high potential to
convert the aliphatic and aromatic amines. It also activates the amines to insert into PC
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to open ring via nucleophilic attack for the formation of a covalent bond between carbon
and nitrogen to produce amino alcohols33,34 .
Under the [HF-PAI/APS/3-Br-Prop], Figure 7a shows the selectivity of 1(hexylamino) propan-2-ol was 22.5% at 2 and 8h and slightly decreased to ~18% at 8h.
Also, in the presence of [HF-PAI/APS/Na-2-Br], Figure 7b, shows the selectivity of 1(hexylamino) propan-2-ol was enhanced a little bit to 29% at 2h and then decreased to
21.9% at 8h. Thus, the highest selectivity of products under both of the catalysts was
achieved at 2h, and the reaction should stop at this time, despite, the selectivity was not
high however the reaction occurred in a short time and also achieved a high conversion of
amines at the same time as mentioned above.
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Figure 7. Effects of reaction time on the hexyl amine conversion and the selectivity of 1(hexylamino) propan-2-ol in the presence of A) HF33-PAI/APS/Na-2-Br; B) HF33PAI/APS/3-Be-Prop.

3.2.3. Effects of HF-PAI/APS/Na-2-Br and HF-PAI/APS/3-Br-Prop on the
Course of the Hydroxyalkylation Reaction of Aniline and 4-aminophenol with
Propylene Carbonate. Under both catalysts the reaction between the amines and PC
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was performed in a 100 ml high pressure stirred reactor operating in the batch mode. The
reaction conditions were 140 °C, 60 psi N2, free solvent, and at 2, 4, and 8h. Scheme 5,
shows the reaction mechanism of the aniline with PC, the mechanism was divided into
two direction, direction a gave the major product 1-(phenylamino) propan-2-ol, and
direction b led to produce the miner product 2-(phenylamino) propan-1-ol. The
formation of these products was depended on where the amine group attacked the
propylene carbonate ring. The attack of the amine group opened the stable propylene
carbonate ring under mild reaction conditions, and the outcome was based on the
catalytic activity.
Figure 8a and b, represent the conversion of aniline in the presence of [HFPAI/APS/Na-2-Br] and [HF-PAI/APS/3-Br-Prop], the conversion was 88% and 97.5 at
8h, respectively. It is evident that by increasing the reaction time the conversion was
increased, and the reaction is characterized by achieving a high conversion even at 2
hours. On the other hand, in the presence of [HF-PAI/APS/Na-2-Br] the selectivity of
product 1-(phenylamino) propan-2-ol was 87 % at 2h and slightly decreased to 70% at 8.
Meanwhile, under [HF-PAI/APS/3-Br-Prop] the selectivity of 1-(phenylamino) propan-2ol was reached up to 100% at 2 and 4h, and slightly decreased to ~70% at 8h. Therefore,
these results conformed that the hydroxylation reaction of aniline with PC was very
successful under these catalysts, which indicated that the immobilized catalysts with
multi active sites is an excellent approach for the aminoalcohols synthesis under
moderate reaction conditions. The structure of the products was determined by GC-MS,
1H

NMR and 13 C NMR see Figure S1 -S9 Supporting Information II
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Although the hydroxyalkylation of aniline with PC gave impressive results, the
hydroxyalkylation of 4-aminophenol with PC under the same reaction conditions gave
somewhat few results if compared with the results that obtained in the aniline case.
Therefore, as is evident from Figure 9 the selectivity of the product was ~ 8 % at 2h and
slighty decreased to around 6% at 4 and 5% 8h. This sharp decreases in selectivity could
be due to the effect of hydroxyl group that attached at the other end of the benzene ring,
or as a result of having more than one product at the same time, which has a negative
impact on pushing the reaction towards the formation of the main product 4-[(2hydroxypropyl) amino]-in, and this needs further study to find out the reason, especially
since the reaction gave a high conversion of the 4-aminophenol and this high conversion
indicates the activity of the catalysts. The conversion of 4-AP was reached up 100% at all
times of the reaction, see Figure 9. Figure 6. Illustrates the GC-MS results of the major
product 4-[(2-hydroxypropyl) amino].
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Figure 9. Effects of reaction time on the 4-aminophenol conversion and the selectivity of
4-[(2-hydroxypropyl) amino]-in the presence of HF-PAI/APS/Na-2-Br and HFPAI/APS/3-Be-Prop

3.3. REUSE OF HOLLOW FIBER CATALYSTS
As mentioned in previous study9 , to estimate the stability of the catalysts after the
reaction, three-run of experiments recycling were performed in which the used hollow
fiber catalysts were first separated from the products, and dried in a vacuum oven to
sufficiently remove the remained products or reactants from the fiber pores, and then
reused in aniline hydroxyalkylatio reaction with PC under the same reaction conditions
that applied with the original one. Figure 10, and Table 1S, Supporting Information.
From these results, it is clear that both the aniline conversion and 1- (phenylamino) -2-ol
were similar to those obtained with fresh hollow fiber catalysts. The slight decrease in
activity may be due to the loss of access to some active sites on the porous hollow fiber
stimuli. These results illistrated that some swelling effects were still present in the HFPAI/APS/3-Br-Prop; despite, the degree of swelling was decreased compared to the bare
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hollow fibers. HF-PAI / APS / 3-Br-Prop had maintained its activity and resulted in the
conversion of 81.3% aniline and ~71%, 1- (phenylamino) -2-ol selectivity. Meaning, it
can be reused without much loss to the active sites of the catalyst. The recycling
experiment showed that the hollow fiber catalyst can be used as a heterogeneous catalyst
for amines hydroxyalkylation reaction.
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4. CONCLUSION

The use of porous polymers support and immobilization of various
homogenious organocatalysts offers the catalyst designer different, and perhaps
more opportunities in the design of cooperative organocatalysts. Advantages of
weak acid-base-halide trifunctional organocatalyst sites also relate to the
stabilization of unstable substrates/products that would easily be converted to
other product and also can be used for all substrates soluble in water and also
organic solvents. The study has described the development and application of a
high-performance immobilized trifunctional amine/acid/halide organocatalysts for
the efficient, one-step catalyst reaction of CO2 cyclo addition and aminolysis of
aliphatic and aromatic amines. Catalyst recycling without significant loss of
activity or selectivity was demonstrated over 3 cycles. Further work to broaden the
range of reactions to demonstrate its utility in flow chemistry .
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SUPPORT INFORMATION

1. THE FORMATION OF HOLLOW FIBER POLYAMIDE-IMIDE (PAI-HF)
The formation of hollow fibers (PAIHF’s) polyamide-imide was performed by the
method of “dry-jet, wet-quench spinning” as mentioned in the previous work8 . To
improve the stability and compatibility in commonly used solvents such as, DMA and
DMF, HF-PAI has been post-treated and cross-linked with a mixture of toluene, APS and
water in a weight ratio of 90:9:0.1 respectively, at 80 ° C for 2h to get HF-PAI/APS, for
more details see our previous work3,2 .

2. REUSE OF HOLLOW FIBER CATALYSTS

Table S1. Reuse of HF-PAI/APS/3-Br-Prop catalysts for aniline hydroxalkylation
reaction with PC at 2, 4, and 8h.
Reaction
Cycle

1st

2nd

3rd

Reaction time
(h)
2
4
8
2
4
8
2

HF-PAI/APS/3-Br-Prop
Aniline Con. (%)
55.56
68.03
81.3
56.03
67.1
80.43
53.008

1-(phenylamino)2-ol, Sel. (%)
100
100
82
100
100
80
71.14

4
67.5
71.5
8
76.22
65
Reaction conditions: temperature: 140 oC; 1 ml aniline; 6ml PC; 100
mg catalyst; 60 psi P N 2
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3. GAS CHROMATOGRAPHY MASS SPECTROMETRY ANALYSIS

Scheme S1. Fragmentation pattern of 1-(phenylamino) propan-2-ol by MS

Figure S1. GC-MS spectra for the 1-(phenylamino) propan-2-ol
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4. NUCLEAR MAGNETIC RESONANCE SPECTROSCOPY 1 H NMR AND
13 C NMR ANALYSIS

Figure S2. 1 H NMR spectra of the 1-(phenylamino) propan-2-ol

Figure S3. 13 C NMR spectra of the 1-(phenylamino) propan-2-ol
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Figure S4. 1 H NMR spectra of the 2-(phenylamino) propan-1-ol

Figure S5. 13 C NMR spectra of the 2-(phenylamino) propan-1-ol
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Figure S6. 1 H NMR spectra of the Phenol, 4-[(2-hydroxypropyl) amino]-

Figure S7. 13 C NMR spectra of the Phenol, 4-[(2-hydroxypropyl) amino]-
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Figure S8. 1 H NMR spectra of the Phenol, 4-[(1-hydroxypropyl) amino]-

Figure S9. 13 C NMR spectra of the Phenol, 4-[(1-hydroxypropyl) amino]-

2-Propanol, 1-(phenylamino)1H

NMR: δ 1.21 (3H, d, J = 6.2 Hz), 3.22-3.26 (2H, 3.24 (d, J = 6.5 Hz), 3.24 (d, J = 6.5
Hz)), 3.67 (1H, tq, J = 6.5, 6.2 Hz), 6.77 (2H, dtd, J = 8.3, 1.2, 0.5 Hz), 7.03 (1H, tt, J =
8.1, 1.2 Hz), 7.24 (2H, dddd, J = 8.3, 8.1, 1.4, 0.5 Hz).
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1-Propanol, 2-(phenylamino)1H

NMR: δ 1.19 (3H, d, J = 6.7 Hz), 3.49-3.54 (2H, 3.52 (d, J = 6.4 Hz), 3.52 (d, J = 6.4
Hz)), 3.78 (1H, qt, J = 6.7, 6.4 Hz), 6.78 (2H, dtd, J = 8.3, 1.2, 0.5 Hz), 6.87 (1H, tt, J =
8.1, 1.2 Hz), 7.24 (2H, dddd, J = 8.3, 8.1, 1.4, 0.5 Hz).
Phenol, 4-[(2-hydroxypropyl) amino]1H

NMR: δ 1.21 (3H, d, J = 6.2 Hz), 3.15-3.19 (2H, 3.17 (d, J = 6.6 Hz), 3.17 (d, J = 6.6
Hz)), 3.67 (1H, tq, J = 6.6, 6.2 Hz), 6.83-6.96 (4H, 6.87 (ddd, J = 8.8, 2.7, 0.5 Hz), 6.93
(ddd, J = 8.8, 2.0, 0.5 Hz)).
Phenol, 4-[(1-hydroxypropyl) amino]1H

NMR: δ 1.19 (3H, d, J = 6.7 Hz), 3.50-3.54 (2H, 3.52 (d, J = 6.6 Hz), 3.52 (d, J = 6.6
Hz)), 3.66 (1H, qt, J = 6.7, 6.6 Hz), 6.83-6.97 (4H, 6.87 (ddd, J = 8.8, 2.7, 0.5 Hz), 6.93
(ddd, J = 8.8, 2.0, 0.5 Hz)).
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ABSTRACT

A number of investigations have gone into the immobilization of homogeneous
catalysts for uniform distibuation and also preventing catalysts leaching for recycling and
reusing of catalysts in continuous-flow platform. So far none of reported immobilized
catalysts methods have been used by industry for sustainable chemical transformation. In
this study, the permanent immobilization of organocatalysts have been investigated by
using Florin as a linker. The cheracterization results confirmed the successfule
immobilization and stability of active species such as, -NH and -OH, and fluorine on
porous hollow fiber polymer support. The use of multifunctional and sustainable
organocatalysts for the formation of aminoalcoholes from propylene carbonate and
amines (e.g., aliphatic and aromatic) at 140 °C and 60 psi nitrogen pressure is presented.
The systematic investigation based on the FTIR and GCMASS analysis of
product suggest that the intermolecular synergistic effect involving the -NH and -OH and
nucleophilic halide groups. The optimal catalyst possesses a halide counteranions and NH and -OH to activate the cyclic carbonate ring opening and aminoalcohol formation.
The yield of ~42% 1-(butylamino) propan-2-ol was produced after 2 h reaction. Catalyst
recycling was also demonstrated.
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1. INTRODUCTION

Continuing to the previous work of designing multi-functional organic catalysts,
and given the success of the work in achieving a high conversion of amines under
moderate reaction conditions, as well as obtaining a high selectivity of aminoalcohols, the
author suggested to continue working to design another type of multi-functional
organocatalysts, using fluorine immobilization instead of bromine to improve the hollow
fiber catalysts stability. Following the same approach and applications followed in the
previous work, the reader may notice the ease of movement between these works in terms
of content and organization.
The heterogeneous catalyst seemed to be more stable with higher economic
efficiency 1–2 , as well as easy to separate from the reactor system by recycling, therefore
giving it a longer lifetime. However, the homogeneous catalysts showed a high catalytic
performance, due to the high degree of interaction 2,3 with the reactant. Improving the
catalytic efficiency is an important task needed to solve for the heterogeneous catalysts
design. The concept of multifunctional organocatalysts was generated to improve the
catalytic performance problem of the heterogeneous catalysts 4,5 .
Heterogeneous catalysts were synthesized with the integration of multi diff erent
sites into a single support material. To achieve the goal of economic efficiency,
inexpensive elements and materials were always used as the primary raw material applied
in the composition of the Multi-functional catalyst system. Functional catalysts6 , possess
multi distinct functional groups to induce a novel reaction. Multi-functional catalysts
refer to single catalyst with a nucleophile and electrophile as a multi separate active site.
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The most common multi-functional catalysts to be studied, are those that have basic
Lewis or Brønsted functions, and a donor group of a hydrogen bond in a suitable position
above the chiral scaffold catalyst system. This is also the concept of the catalytic
mechanisms that have been applied in the multifunctional hollow fiber microfluidic
catalyst reactor system for this paper7 .
The hollow fibers were treated with a surface modification process to
functionalize with 3-aminopropyl trimethoxy silane (APS) 8,9,10. This step can graft the
amino group as an APS layer on the inner wall of the hollow fibers and provide a weakbase characteristic. Meanwhile, the combination with the silanol acidic functional group
provided by the hollow fiber itself, and the silanol group adjacent to the amine functional
group provided the cooperated acid-base characteristic. In this work, the multifunctional
organocatalysts polymeric hollow fiber was successfully created, designed, and applied to
the hydroxyalkylation reaction of amines with cyclic organic carbonates for the
aminoalcohols conformation.

2. EXPERIMENTAL SECTION

2.1. THE FORMATION OF HOLLOW FIBER POLYAMIDE-IMIDE (PAI-HF)
The composite hollow fibers HFs were synthesized by the commercially available
polyamide-imide (PAI) , which had the property of resisting heat and swelling, via the
template-free, “dry-jet, wet-quench spinning” method 19,20 , see Figure S1. HFs-IPA had a
high porosity and surface area19,20,22,23 , this property made them available for
functionalization by the various organic species. This hollow fiber material has been
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applied in various gas separation processes successfully, such as working excellently in
the CO 2 capture, done by Brennan et al.21 , but having been worked as catalysts in the
organic reactions.
This HFs membrane reactor was the first time being investigated and developed
into the laboratory-scale continuous-flow reactor system for various sustainable chemical
formation reactions. The stability, and compatibility of HF-PAI, were improved by
soaking them in commonly used solvents, such as DMA and DMF. HF-PAI was
subsequently treated and bonded with a mixture of toluene, APS, and water in a weight
ratio of 90: 9: 0.1 respectively at 80 ° C for 2 hours to obtain HF-PAI / APS2,3 .

2.2. MULTIFUNCTIONAL ORGANOCATALYSTS FORMATION SYNTHESIS
2.2.1. Synthesis of Multifunctional Organocatalysts [HF-PAI/APS/F].
Nonafluorobutane-1-sulfonic acid (1g) was completely dissolved in 40ml methanol
(1.019 mol), the mixture was transferred to a 100 ml round bottom flask, then 2 grams of
HF-PAI/APS was carefully added to the mixture. The combined mixture was stirred
under a reflux condenser at the same conditions mentioned in the above step (3.2.1.), the
resulting product was washed by toluene to remove the remaining methanol and then it
was dried under a vacuum at 80 °C to remove the residual solvent from the pores. This
process yielded the F-immobilized APS-grafted PAIHFs [HF- PAI/APS/
(Nonafluorobutane-1-sulfonic acid)] Scheme 3. The synthesis process and
characterization results are summarized in the Supporting Information.
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Scheme 1. Synthesis of HF-PAI/APS/F multifunctional organocatalysts.

2.3. MULTIFUNCTIONAL ORGANOCATALYSTS CHARACTERIZATION
The structure of Multifunctional Organocatalysts HF-IPA/APS/F was
demonstrated by Fourier Transform Infrared Spectroscopy (FTIR) in the range of 400–
4000 cm−1 with a Bruker Tensor instrument. The spectra were acquired at a 4 cm−1
resolution. The BET surface area, BJH pore volume, and average pore size of bare HFsIPA, HFs-IPA/APS, and HFs-IPA/APS/F were determined using nitrogen isotherms
(−196 °C) with a Micromeritics 3Flex. Prior to analysis, the hollow fibers were degassed
at 110 °C under vacuum for 2 h to remove any pre-adsorbed species from the pores of the
materials’ pores. The CO 2 adsorption capacities of the fibers were measured at 35 °C in a
10% CO 2 atmosphere (balanced with N2) using TGA. The characterizations results are
shown in Table 1.
As shown in the two papers above, the acid concentration, the CHN analyses
(PerkinElmer Series II, 2400) and inductively coupled plasma optical emission
spectroscopy (ICP-OES) were used to determine the amine and bromine loadings of the
hollow fibers. X-ray photoelectron spectroscopy (XPS) was carried out to map the
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presence of various elements on the hollow fiber surface. The corresponding results are
given in Table 1. A High-resolution Scanning Electron Microscope (Hitachi S-4700 FESEM) was used to assess the morphology of the bare and grafted [HF-IPA/APS/F]. The
products and reactants were analyzed on an Agilent 19091S-4 33 gas chromatograph
(GC) equipped with a mass spectroscopy (MS). The method and capillary column mode
are as follows, HP-5MS (0.25mm x 30m x 0. 25 um); Max temperature: 350 °C Nominal
length: 30. 0 m, Nominal diameter: 250. 00 um, Nominal film thickness 0 25 um; Mode
constant pressure 1 4 .70 psi; Nominal initial flow 1. 8 mL/min Average velocity: 4 9
cm/sec. For more details about the method, see Supporting Information II. In addition to
the GC-MS, the products were determined by using 1 H nuclear magnetic resonance
(NMR) and 13 C NMR at room temperature using a Bruker-DRX 400 MHz spectrometer

2.4. MATERIALS AND CHEMICALS
Nonafluorobutane-1-sulfonic acid, propylene carbonate (PC), aniline, 4aminophenol, toluene, 3-aminopropyltrimethoxysilane (97%) (APS), and methanol were
purchased from Sigma-Aldrich; all the chemicals were used as received without
purification. Polyamide-imide (PAI) was supplied by Solvay Advanced Polymers
(Alpharetta, GA). Nitrogen was purchased from Airgas, and it was used to purge the
sample in the continuous flow system.

2.5. REACTION PROCESS
2.5.1. Batch Reaction of Propylene Carbonate with Butyl amine, Hexylamine,
Aniline, and 4-aminophenole in the Presence of [HF- PAI/APS/F]. The
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hydroxyalkylation reaction of the aromatic amines (aniline and 4-aminophenole), and
aliphatic amines (butylamine and hexylamine) with propylene carbonate was performed
in a 100 cm3 high pressure stirred reactor, the process flow diagram of the reactor setup is
shown in Figure 1. The procedure was performed by adding 1cm3 of amine to 6 cm3 of
propylene carbonate to the reactor vessel, then 100 mg of the multifunctional
organocatalysts and [HF-PAI/APS/F], was added to the mixture. Scheme 2 and 3
illustrate the reaction mechanisms of both aliphatic and aromatic amines with propylene
carbonate, respectively. The conditions of the reaction were 60 psi N2, 413.15 K, at 2, 4,
8 hours. The products and starting materials were analyzed on an Agilent 19091S-4 33
gas chromatograph (GC) equipped with a mass spectroscopy (MS). The method and
capillary column mode are HP-5MS (0.25mm x 30m x 0. 25 um); Max temperature: 350
°C; Nominal length; 30. 0 m, Nominal diameter: 250. 00 um; Nominal film thickness 0
25 um; Mode constant pressure: 1 4 .70 psi; Nominal initial flow: 1.8 mL/ min; Average
velocity: 49 cm/sec. Beside GC-MS analysis the products were determined by using 1 H
nuclear magnetic resonance (NMR) and 13 C NMR at room temperature with a BrukerDRX 400 MHz spectrometer. in pellentesque massa placerat duis ultricies lacus sed.
Amet cursus sit amet dictum sit amet justo donec enim. Vitae semper quis lectus nulla at
volutpat diam ut venenatis. Ultricies tristique nulla aliquet enim tortor at auctor urna. Leo
vel fringilla est ullamcorper eget nulla facilisi etiam dignissim. Montes nascetur ridiculus
mus mauris vitae ultricies leo integer malesuada.
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Scheme 2. The hydroxyalkylation reaction of propylene carbonate with aliphatic amines
(butylamine and hexylamine).

Scheme 3. The hydroxyalkylation reaction of propylene carbonate with aromatic amines
(aniline and 4-aminophenol).
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Figure 1. The setup of the reactor

Table 1. Textural properties, CO 2 capacity, amine, and fluoride loading of the bare HFPAI, HF-PAI/APS and HF-PAI/APS/F.
Hollow fibers
SBET (m²/g )a
V pore (cm 3 g−1 )b
CO2 capacity (mmol per g fiber)c
N loading (mmol per g fiber)d

Bare HFPAI
57.54

HF-PAI/APS

HF-PAI/APS/F

25.20

17

0.27
0.03

0.17
1.31

0.092
1.4

—

3.90

3.70

F loading (mmol per g
—
—
0.20
a Determined by nitrogen physisorption experiments at 77 K. b Determined by the
BJH method. c Measured by TGA at 35 °C in a 10% CO2 atmosphere (balanced with
N2). d Determined by elemental analysis.
fiber)d

2.5.2. Cyclic Reaction of HF-PAI/APS/F. Cyclic reaction experiments were
performed by drying the fiber under at 80C for 2h into a vacuum oven, for removing the
permenet compounds, such as products or reactntas. The fiber catalyst [HF-IPA/APS/3Br-Prop] was tested for three cycles to determine the degree of reuse and the extent of
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leaching of oxides from the fibers. The catalyst activity was determined, and the results
were compared with fresh materials.

3. RESULTS DISCUSSION

3.1. PHYSICAL AND CHEMICAL CHARACTERIZATION OF THE DESIGNED
CATALYST
Variety of techniques have been used in this work to characterize the designed
catalyst to demonstrate the grafting with aminosilanes and the immobilizing of fluorine
were successful. The characterization results confirmed that the species, -OH, -NH, and
F- were covalently attached to the highly bonded porous cell walls of a hollow fiber
surface; thus, a set of structural properties and catalytic fiber test results provided useful
information to gain insight into the catalytic fixation of multifunction organocatalysts and
their performance in hydroxyalkylation reaction. The process of characterization was
included the three types of catalysts and HF-IPA/APS/F, HF33-IPA/APS and the bare
fiber HF33-IPA. The results of the textural properties were listed in Table 1.
The Brunauer-Emmett-Teller (BET) surface area analysis and Barrett-JoynerHalenda (BJH) pore size and volume analyses mentioned that the bare fibers HFs-IPA
had the largest surface area and pore volume: 57.54m2/g , 0.27 cm3/g, respectively;
while, the surface area and pore volume were decreased either after the grafting with APS
or after the immobilization of halogen, this difference may be due to vacant locations on
bare fibers, the rearrangement of the polymer chain, and successful grafting and
immobilizing of both APS and halogens into the bare PAIHFs. 2,3,29
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Figure 2. N 2 physisorption isotherms and pore size distribution for HF-IPA (bare), HFIPA/APS and HF-IPA/APS/F. Pore size distribution derived from the DFT method using
the desorption branch of the N 2 isotherm.

The results illustrated that the post-treatment of the fibers makes the pore size
small, especially towards the surface of the fibers, which might be related to the swelling
of the polymer chains2. Furthermore, the analysis of nitrogen adsorption-desorption
isotherms for the HFs-IPA before and after grafting and the immobilizing process of APS
and halogens, respectively, are type IV, according to the IUPAC nomenclature. This
indicated that the pore diameter was between 2 and 50 nm, which is the range of a
mesoporous, see Figure 2.
The Thermogravimetric Analysis (TGA) results Table 1, indicated that the
capacity of CO 2 over the fibers decreased after the grafting with APS and halogens which
was helpful for the hydroxyalkylation reaction of the amines and prevented the
occurrence of the reverse reaction, pushing the reaction towards the formation of
products. For further confirmation the Fourier-Transform Infrared Spectroscopy (FTIR)
was used to corroborate the effective grafting of APS and F- into the polymer chains,
including [HFs-PAI], [HFs-PAI/Aps], and [HFs-PAI/Aps/F]. Figure 3 appears the spectra

91
of FTIR for these cases. The clear signals at 3000-3500cm-1 are related to the vibration of
O-H hydrogen bonds in SiO-H that attributed to APS; the signals at 3416-3468 cm-1 are
assigned to N-H that assigned to APS and polymer backbone. The signals at 730 cm-1 and
1619 cm-1 are related to Si-O bonds and conjugated C=N vibration that came from the
cyclic system (imidazole), respectively30,2,31,32.
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Figure 3. IR spectra of bare HF-IPA; HF-IPA/APS and HF-IPA/APS/F.

Furthermore, S=O spectra that attributed to the sulfur trioxide group (SO3-) was
at 1380cm-1 to 1380 cm-1 as indicated in Figure 3. In addition, the C-F bond spectra at the
range of 1000- 1400 cm-1 that attributed to the fluorine source, which was
nonafluorobutane-1-sulfonic acid. Therefore, all of these clarifications confirmed that the
grafting and immobilization were successful on the body of the polymer, and it achieved
the desired multifunction organocatalysts.
For more information about the efficiency of the catalysts, the catalysts were
tested by a scanning electron microscope (SEM) prior to and after the reaction. Figure 6
shows the SEM images that conformed to the surface layer of the catalysts and still
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remained uniform and showed moderate porosity after multiple exposures to different
solvents. Some minor changes were observed on the surface of catalysts; however, the
catalysts still maintained their efficiency, which indicated that the catalysts had a high
bonding strength. This made them reusable without losing their catalytic efficiency, and it
can be clearly seen in Figure 4 C 2 . ICP, elemental analysis (N, Br, and F upload) and
XPS results

Figure 4. SEM images of (A) the cross section of bare HF-PIA, (B) the surface of bare
HF-PIA, and (C) the surface of the HF-PIA/APS

3.2. TESTING THE DESIGNED CATALYSTS ON THE COURSE OF THE
HYDROXYALKYLATION REACTION OF AMINES WITH PROPYLENE
CARBONATE
3.2.1. Effects of HF-PAI/APS/F on the Course of the Hydroxyalkylation
Reaction of Aniline with Propylene Carbonate. The catalytic activities of HFIPA/APS/F on the hydroxyalkylation reaction of aniline with propylene carbonate (PC)
was carried out in a 100 Cm3 high pressure stirred reactor operating in the batch mode.
The ratio of amine to (PC) was 1:6 Cm3, respectively, and the reaction conditions were
413.15K, 60 psi N2, free solvent, and at 2, 4, and 8h.
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The results showed the hydroxyalkylation reaction of aniline and propylene
carbonate tended to produce two products, the formation of these products depended on
where the amine group attacked the propylene carbonate ring. As shown in Scheme 3 the
proposed reaction mechanisms went into two reaction branches: branch a and b.
The attack of the amine group opened the stable propylene carbonate ring under
mild reaction conditions, and the outcome was based on the catalytic activity. Branch a
shows the yield of the major product, which was 1-(phenylamino) propan-2-ol, while
branch b led to the formation of a minor product called 2-(phenylamino) propan-1-ol.
Figure 5, and Table 2 showed that the conversion of aniline increased to 88%, and the
selectivity of product 1-(phenylamino) propan-2-ol at 2h was and 73 %.
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Figure 5. Effects of reaction time on the Aniline conversion and the selectivity of 1(phenylamino) propan-2-ol in the presence of HF33-IPA/APS/F.

Furthermore, the selectivity of 1-(phenylamino) propan-2-ol was slightly decreased with
increasing of reaction time from 2h to 8h. Thus, the significant decrease in the selectivity
of 1-(phenylamino) propan-2-ol from 73% at 2 hours to 29% at 8 hours, this could be due
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to the behavior of the halogen, where the fluorine is less stable and more reactive. (Rec2)
(Cat). The structure of the products was determined by GC-MS, 1 H NMR and 13 C NMR
see Figure S1 -S9 Supporting Information.
3.2.2. Effects of HF-PAI/APS/F on the Course of the Hydroxyalkylation
Reaction of 4-aminophenole with Propylene Carbonate. Figure 6. Illustrates the GCMS results of the major product 4-[(2-hydroxypropyl) amino]. The conversion of 4-AP
was reached up 100% at all times of the reaction, however the selectivity of the product
was 29% at 2h and sharply decreased to around 17.5 % at 4 and 16 % 8h. This sharp
change in selectivity may be due to the presence of the hydroxyl group present at the
other end of the benzene ring, or may due to reactivity of fluorine, where some
byproducts were detected by GC-MS, this number of byproducts affected negatively on
the selectivity of the main product.
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Figure 6. Effects of reaction time on the 4-aminophenol conversion and the selectivity of
4-[(2-hydroxypropyl) amino]- in the presence of HF33-PAI/APS/F.
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3.2.3. Effects of HF-PAI/APS/F on the Course of the Hydroxyalkylation
Reaction of Butyl Amine with Propylene Carbonate. The study was focused mainly on
ascertaining if the designed catalysts materials are active for the hydroxyalkylation
reaction of butylamine with PC. To confirm that, the catalyst efficiency was tested by
performing the reaction in a 100 ml high pressure stirred reactor operating in batch mode.
The catalytic performance of HF-IPA/APS/F was assessed for the hydroxyalkylation
reaction of butylamine with propylene carbonate towards the synthesis of an
aminoalcohols, as represented in Scheme 3. It could be seen that the reaction mechanism
had two pathways, a and b. Pathway a lead to the formation of the major product, 1(butylamino) propan-2-ol, which is the most productive. While pathway b gave the
byproduct, which was the least productive, 2-(butylamino) propane-1-ol.
The products structure was determined by the GC-MS, and NMR, see Figure S3,
S9-S12, Supporting Information. As can be seen in Figure 7, the conversion of
butylamine was 100% at all times of the reaction 2,4, and 8 hours. This indicates that the
HF-IPA/APS/F had a high catalytic ability to convert amines under moderate reaction
conditions. The efficiency of the catalyst for reaching high conversion it could be due to
the fluorine activity and the high electronegativity that pushed the reaction to convert the
butylamine and inserted it into the ring of PC. Based on the catalyst activity, efficiency,
and ease of use in terms of the separation from the products it should be taken into
consideration as an alternative to homogeneous catalysts.
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Figure 7. Effects of reaction time on the butyl amine conversion and the selectivity of 1(butylamino) propan-2-ol in the presence of HF33-PAI/APS/F

On the other hand, the selectivity and the yield of 1-(butylamino) propan-2-ol was
at 40% in 2h, and slightly decreased to 30.5% at 8h, this indicated that the
hydroxyalkylation reaction of butylamine in the presence of HF-IPA/APS/F, took place
in a short time. Furthermore, amount of amine entered the reaction was completely
consumed and the reaction gave the highest selectivity of the product at the first two
hours of the reaction time, see Figure 7.
3.2.4. Effects of HF-PAI/APS/F on the Course of the Hydroxyalkylation
Reaction of Hexylamine with Propylene Carbonate. Figure 8 shows the effect of the
reaction time on the conversion of hexylamine and the selectivity of the product. The
conversion of hexylamine was 100% at all times of the reaction. This evidence showed
that the catalysts had a high potential to convert the amines. It also intercalated them to
the reaction to open the propylene carbonate ring via nucleophilic attack, for the
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formation of a covalent bond between carbon and nitrogen to produce amino
alcohols33,34 .
In general, the selectivity of 1- (hexylamino) propan-2-ol was reduced with an
increase in the reaction time. The highest rise was recorded at 56.96% in 2h, and with the
passage of time, the selectivity decreased, it reached its lowest level at 20.43% in 8h, then
a slight increase was observed at 4 hours ~28%. However, good selectivity and high
conversion were achieved in the presence of HF-IPA/APS/F. This approach related to the
behavior of fluorine, as it is very active and has a high electronegativity, and thus it acts
as a strong nucleophile.
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Figure 8. Effects of reaction time on the hexyl amine conversion and the selectivity of 1(hexylamino) propan-2-ol in the presence of HF33-PAI/APS/F.

3.3. CYCLIC REACTION OF HF-PAI/APS/F AT DIFFERENT REACTION TIME
To study the catalytic capacity of the HF-PAI/APS/F after its first use, the
suspended compounds, whether the residues of reactants or products, were removed from
the pores of the fiber, by drying the fiber under a vacuum oven at 80 °C for 2h11 . The
reaction was carried out under the same conditions as the original reaction. The results,
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Figure 9a-c, showed that the catalyst had high stability, and no significant difference was
observed between the three operations. Therefore, it can be said that the catalyst had
preserved its catalytic activity and thus it can be reused without much loss of the active
sites of the catalyst.
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Figure 9. Cyclic reaction of HF-PAI/APS/F catalyst for aniline hydroxalkylation reaction
with PC at a) 2h; b) 4h, and c) 8h.

4. CONCLUSIONS

In summary, the study has prepared a nonafluorobutane-1-sulfonic acid ligand
with various hydrogen-bond donor sites and demonstrated their applications as
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organocatalysts for cyclic carbonates transformation into aminoalcohols under metal-,
and solvent-free conditions. The study described the structural optimization and detailed
mechanistic analysis of highly active trifunctional organocatalysts which have hydrogenbond donor groups (-OH and -NH) and nucleophilic [F-] groups. Structural optimization
of the organocatalytic moiety revealed that the combination of a hydrogen-bond donor
groups and a F- ion was the best choice. A key to the solvent-free reactions was the
stability of the organocatalysts in the cyclic carbonate and amine substratse or the
aminoalcohols product.
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SUPPORTING INFORMATION

1. THE FORMATION OF HOLLOW FIBER POLYAMIDE-IMIDE (PAI-HF)
The formation of hollow fibers (PAIHF’s) polyamide-imide was performed by the
method of “dry-jet, wet-quench spinning” as mentioned in the previous work8. To
improve the stability and compatibility in commonly used solvents such as, DMA and
DMF, HF-PAI has been post-treated and cross-linked with a mixture of toluene, APS and
water in a weight ratio of 90:9:0.1 respectively, at 80 ° C for 2h to get HF-PAI/APS, for
more details see our previous work3,2 .
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2. GAS CHROMATOGRAPHY MASS SPECTROMETRY ANALYSIS

Scheme S1. Fragmentation pattern of 1-(hexylamino) propan-2-ol by MS

Figure S1. GC-MS spectra for the 1-(hexylamino) propan-2-ol
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Figure S2. GC-MS spectra for the 1-(hexylamino) propan-2-ol

Scheme S2. Fragmentation pattern of 1-(butylamino) propan-2-ol by MS
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Figure S3. GC-MS spectra for the 1-(butylamino) propan-2-ol
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Figure S5. 1 H NMR spectra of the 1-(hexylamino) propan-2-ol
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Figure S6. 13 C NMR spectra of the 1-(hexylamino) propan-2-ol
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Figure S7. 1 H NMR spectra of the 2-(hexylamino) propan-1-ol
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Figure S8. 13 C NMR spectra of the 2-(hexylamino) propan-1-ol
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Figure S9. 1 H NMR spectra of the 1-(butylamino) propan-2-ol

108

Figure S10. 13 C NMR spectra of the 1-(butylamino) propan-2-ol
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Figure S11. 1 H NMR spectra of the 2-(butylamino) propan-1-ol

Figure S12. 13 C NMR spectra of the 2-(butylamino) propan-1-ol

110

2-Propanol, 1-(butylamino)1 H NMR: δ 0.88 (3H, t, J = 7.1 Hz), 1.17 (3H, d, J = 6.2 Hz), 1.24-1.43 (4H, 1.35 (tt, J =
7.3, 7.1 Hz), 1.29 (h, J = 7.1 Hz), 1.29 (h, J = 7.1 Hz), 1.35 (tt, J = 7.3, 7.1 Hz)), 2.502.58 (2H, 2.54 (t, J = 7.3 Hz), 2.54 (t, J = 7.3 Hz)), 2.73-2.77 (2H, 2.75 (d, J = 5.8 Hz),
2.75 (d, J = 5.8 Hz)), 3.61 (1H, qt, J = 6.2, 5.8 Hz).
1-Propanol, 1-(butylamino)1 H NMR: δ 1.19 (3H, d, J = 6.7 Hz), 3.50-3.54 (2H, 3.52 (d, J = 6.6 Hz), 3.52 (d, J = 6.6
Hz)), 3.66 (1H, qt, J = 6.7, 6.6 Hz), 6.83-6.97 (4H, 6.87 (ddd, J = 8.8, 2.7, 0.5 Hz), 6.93
(ddd, J = 8.8, 2.0, 0.5 Hz)).
2-Propanol, 1-(hexylamino)1 H NMR: δ 0.86 (3H, t, J = 7.0 Hz), 1.16 (3H, d, J = 6.2 Hz), 1.19-1.48 (7H, 1.41 (tt, J =
7.3, 7.1 Hz), 1.28 (h, J = 7.0 Hz), 1.26 (quint, J = 7.0 Hz), 1.26 (quint, J = 7.0 Hz), 1.28
(tt, J = 7.1, 7.0 Hz), 1.28 (tt, J = 7.1, 7.0 Hz), 1.41 (tt, J = 7.3, 7.1 Hz)), 1.28 (1H, h, J =
7.0 Hz), 2.51-2.59 (2H, 2.55 (t, J = 7.3 Hz), 2.55 (t, J = 7.3 Hz)), 2.73-2.77 (2H, 2.75 (d, J
= 5.8 Hz), 2.75 (d, J = 5.8 Hz)), 3.61 (1H, qt, J = 6.2, 5.8 Hz).
2-Propanol, 2-(hexylamino)1 H NMR: δ 0.86 (3H, t, J = 7.0 Hz), 1.17-1.49 (10H, 1.41 (tt, J = 7.3, 7.1 Hz), 1.28 (h, J =
7.0 Hz), 1.26 (quint, J = 7.0 Hz), 1.26 (quint, J = 7.0 Hz), 1.19 (d, J = 6.7 Hz), 1.28 (tt, J
= 7.1, 7.0 Hz), 1.28 (tt, J = 7.1, 7.0 Hz), 1.41 (tt, J = 7.3, 7.1 Hz)), 1.28 (1H, h, J = 7.0
Hz), 2.53-2.61 (2H, 2.57 (t, J = 7.3 Hz), 2.57 (t, J = 7.3 Hz)), 2.79 (1H, qt, J = 6.7, 5.2
Hz), 3.45-3.49 (2H, 3.47 (d, J = 5.2 Hz), 3.47 (d, J = 5.2 Hz)).
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SECTION

3. CONCLUSIONS AND FUTURE WORK

3.1. CONCLUSIONS
In this dissertation, the composite porous polymeric hollow fiber microfluidic
reactor was worked as the heterogeneous membrane reactor in the organocatalytic
reaction. It has been demonstrated that the porous polymeric hollow fiber catalysts can be
employed as an ideal and flexible supporting platform for the loading the catalytic
efficiency composition, which can be applied into developing the laboratory-scale
continuous-flow reactor system.
The HFs-IPA were proved to be successful being the surface modification to load
various catalytic efficiency composite on the inner wall of the fiber shell and employed
into various organic synthesis reactions. Meanwhile, the different doping of the halogens
not only help to improve the mechanical strength of the HFs-IPA catalysts but also
providing various active sites to help increase the cooperation of the -OH and -NH sites
when working as the multifunctional organocatalysts. Besides, depend on the BET
surface area and pore size measurement analysis, the polymeric hollow fiber appeared
having highly porous and surface to volume ratio, which can improve the contact
between the reactant residential time with the catalytic area, provide excellent mass
transfer properties, and lower resistance to flow during the pass-thought the shell of the
hollow fiber inner-wall.
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Taking into consideration the characteristics of the above mentioned hollow
membranes, the dissertation also focused on the design of multi-functional organic
catalysts, by grafting the catalysts with strong electrophiles capable of opening a stable
propylene carbonate ring under moderate reaction conditions in the presence of amines to
synthesize amino alcohol compounds. Aminoalcohols are widely used as organic
intermediate compounds in the pharmaceutical industries and fine chemicals synthesis. In
addition, the ability of multifunctional organic catalysts was employed in the
cyclicoaddition reaction of carbon dioxide to open the ring of hazardous epoxides and
convert them into non-hazardous and environmentally friendly organic compounds,
which are organic cyclic carbonates.
By applying the novel polymeric hollow fiber membrane reactor catalysts into the
laboratory-scale continuous-flow reaction system, the various parameter, such as the
contact time and reaction temperature can be achieved to be controlled in a simple
process. Herein, with the multifunctional catalysis ability, the continuous-flow reactor
module can be applied to meet a various demand to catalyzing a different reaction.

3.2. FUTURE WORK
In this dissertation, multifunctional organic catalysts have been successfully
designed and proved their worth in the cycloaddition reactions of CO 2 , as well as the
reactions of hydroxyalkylation of amines with propylene carbonate for the manufacture
of amino alcohols. Further, the proof-of-concept study of the continuous-flow polymeric
hollow fiber membrane reactor has been successfully conducted for sustainable chemical
transformation reactions. However, further improvements must be added to the new
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hollow fiber continuous flow reaction system, as well as the catalyst design. Therefore,
the improvements must provide this new reactor with a special model for simulation
investigations to gain an additional understanding of how to better control the various
parameters to improve catalytic performance. In addition, increasing the catalyst
efficiency by increasing the number of active sites to obtain an incentive system that has
the largest possible number of active sites.
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